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Abstract 
Fibre Cement Felt (FCF) is a valued component in the manufacturing process of Fibre Cement 
Products (FCP), which are used in construction in today‘s building industry. At present, there is no 
published research data on the processing and design of FCF. It is a niche market, yet an important 
part of the manufacturing of Fibre Cement Sheet (FCS).  
 
This research focuses on FCF, the textile substrate on which manufacturers produce FCS. The 
research was conducted at Albany International, Gosford, and therefore some specific details on the 
equipment have not been covered in detail due to confidential commercial information. 
 
The main purpose of this research was to investigate the influence of fibre types and the parameters 
selected for manufacturing FCF. In addition, it will look at the effects of mechanical bonding, more 
specifically the needling sequence, and the influence of these parameters on the final characteristics of 
FCF. This research recognised that fibre mechanical properties and manufacturing methods have an 
effect on the properties and performance of FCF. However, the research focuses on the final 
characteristics of FCF such as thickness, air permeability, weight, fibre loss and fibre shedding.  
 
Experimental samples were produced to the same dimensions using 10 web combinations and three 
different needling sequences. This study tested each sample on the same equipment and identified the 
differences in the performance and characteristics of FCF to determine which set of web combination 
and needling sequence provided the best results. 
  
The research uses statistical analysis to identify correlations between the parameters of each of the 
samples produced. The results show different trends and similarities between each combination 
sample. In some results, the web combinations appeared to have more of an influence on air 
permeability, fibre loss and thickness. In others, the needling sequence appeared to have more of an 
influence on weight.  
 
Identifying the key factors that most influence FCF will improve our understanding of the relationship 
between fibre diameter, carded web, and mechanical bonding. As these factors have an effect on the 
performance requirements and characteristics of FCF, this will ultimately impact the production of 
FCP. 
 
Keywords 
Fibre cement felts, fibre cement, needling, fibre, web, yarn, mechanical bonding, thickness, abrasion, 
air permeability, technical textiles  
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Introduction 
 
The application of technical textile products serves a wide range of industries, including construction. 
The industry uses the terms Fibre Cement Sheets (FCS) or Cellulous Cement Sheets (CCS) to broadly 
describe the cement products that construction and buildings use. They are called sheets because the 
physical forms of cement products are flat sheets, corrugated sheets or pipes.  
 
Textile production is one of the oldest forms of manufacturing in the industrial development sector. 
New materials and applications for producing textile materials are constantly developing. In Fibre 
Cement (FC) processing, the textile substrate is Fibre Cement Felt (FCF), which can be described as a 
processing conveyor belt. Fibre Cement Products (FCP) require properties, such as an even surface 
and good dimensional stability, that the FCF product directly influences. 
 
This key role of FCF leads to the need to develop and design better FCF for Fibre Cement Machines 
(FCM) to create better end cement products. To do this, it is important to understand the basic process 
of FCM, as it is a collaboration of two manufacturing systems.  
 
As this studies each component of manufacturing, the aim is to reveal the technical advantages and 
disadvantages of the design and processing aspects of FCF. Analysing the FCF by fibre selected and 
the yarn and mechanical bonding used will determine which component has the most influence on the 
final characteristics and parameters of FCF. 
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Chapter 1: Literature Review  
1.1 An overview of the textile industry  
A global consumer market analysis Euromonitor International conducted identified the latest trends 
from around the world and projected future trends (EI 2009). This report mainly found that there have 
been changes in consumer lifestyle choices and a new awareness of factors affecting environmental 
conditions. All these factors have an effect on the global textile industry all associated industries.  
The history of textile materials dates back thousands of years, to pre-historic and ancient times, but it 
has always been evolving. The most significant change occurred during the industrial revolution, 
when advancements in technology significantly changed the manufacturing of these materials. As 
research and development in science and technology continues to advance, so does the application of 
textiles, and the methods of their manufacturing. Where the use of textile materials was once limited 
to traditional applications, such as clothing and domestic furnishing, the textile industry now covers a 
broad range of products for various applications. Figure 1.1 below outlines the major application areas 
of textiles today. The major areas of textile manufacturing are clothing and footwear, home textiles, 
and technical textiles (TT). 
 
 
 
 
 
      
 
 
 
Figure 1.1 Overview of textile areas (Kothari 2008) 
The clothing area covers apparel and footwear for domestic or traditional uses. Home textiles covers a 
range of items, such as home furnishing, curtains, upholstery, bed linen, and other household items 
with domestic applications. TT covers industrial-specialised applications, which can incorporate a 
combination of specialised clothing and technical home textiles.  
Defining sectors within the textile industry is complex, and the increased range of applications adds 
some confusion. There are also three main textile structures. These are defined by their basic method 
of production: woven, knitted, or nonwoven. Further, each method of production uses fibres and yarns 
of various chemical and physical properties.  
 
 
Home textiles 
 
 
 
Clothing 
 
Technical textiles 
 
2 of 123 
   
1.1.1 Conventional raw materials and processing  
Textile fibres are classified under two main categories, which are outlined in Figure 1.2: natural fibres 
or manmade fibres. Within natural fibres, there are subcategories of vegetable, animal, and mineral-
based fibres. Manmade fibres are further subcategorised into regenerated fibres derived from 
cellulose, synthetic fibres or inorganic fibres such as glass and ceramics. 
The fibres listed below are considered conventional fibres, used predominately in clothing and home 
textiles or for domestic applications.  
 
Figure 1.2 Fibre classifications (Wyatt & Harwood 2006) 
Vegetable or plant fibres, especially cotton, are high-consumption raw materials. Cotton‘s universal 
popularity is due to its characteristics, including its high wet strength, excellent moisture absorbency 
and biodegradability. With all of the materials available today, the International Cotton Advisory 
committee (2010) has still forecast a rise in production of cotton to 24.8 mil/tonnes in 2010/11.  
Of the animal fibres, wool is the most popular choice, although lower availability and high costs are 
limiting factors for its manufacturing applications. Its common use apart from clothing includes 
carpets and home textiles. Silk another animal fibre and is considered a luxury fibre used mainly for 
clothing today.  
Geographical and environmental factors influence the properties of natural fibres, with environmental 
uncertainty placing a strain on their consistency and availability. Studying their characteristics and 
properties can provide considerable insight in the development of manmade fibres, however. 
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Manmade fibres originate from coal or oil and are chemically produced. The basic process involves 
extrusion through a spinneret, which imparts specific physical and chemical properties. Manipulating 
the raw material used when the fibre is produced leads to the required output (Kroschwitz & 
Jacqueline 1990). 
Regenerated fibres, such as viscose and loycell, are chemically redeveloped from cellulous fibres. 
Various modifications have been made to viscose to enhance its aesthetic appeal. Its breathability 
properties, similar to those of cotton fibres, make it a popular choice.  
Manufacturing synthetic fibres offers the ability to manipulate fibre dimensions and shapes. 
Manufacturers do this through the design of the spinneret and extrusion process. The main shapes of 
bio-component fibres are core, sheath, or a combination of the two.  
Fibres are converted into yarns. The basic method of conventional yarn processing has changed little, 
although technology has advanced. Synthetic fibres are often extruded directly into yarn, through a 
method of melt spinning, dry spinning or wet spinning. Twist, length and weight of fibres, or yarn 
count, influence the main properties and characteristics of yarn. The origin of the fibre also plays a 
role in the properties and characteristics. A combination of fibres with different properties and 
characteristics can be used in the construction of different yarns with different qualities.  
The basic types of yarn construction are: staple, made up of short fibres; monofilament, from one 
continuous length; and multi filament yarn, made of filaments within a structure. Mono- and multi-
filaments are plied or twisted together in an S-twist or Z-twist pattern to enhance their properties.  
Applying special finishing and treatments to fibres and yarns also enhances their properties and 
stabilises them. Synthetics often use fibre and yarn finishing for adding crimp, texture, and chemical 
treatments, such as UV treatment.  
The chemical and physical properties of fibres transformed into yarns influence the characteristics of 
fabric structures and improves textile materials to better suit the purposes of their design (Saravanan 
2007).  
1.1.2 Standard textile structures and technologies  
The industry uses the traditional methods to describe fabrics, dividing them into woven, knitted and 
nonwovens, all methods in use for many years. Although they have evolved from their origins, they 
remain the main classifications for textile structures. 
A woven fabric is a structure produced by intersecting warp and weft yarns on a weaving machine. 
Knitted fabrics are also a traditional method of textile production, formed by interlacing yarns in the 
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form of loops. Various types of knitting machines manufacture knitted fabrics (Horrocks & Anand 
2000). Nonwoven fabrics are significantly different, however. 
Nonwoven construction was derived from the paper industry using fibres to make a sheet of material. 
The concept first produced basic felted materials using principles of the paper-making process. Now, 
there are other methods of bonding nonwovens (Lennox 1972).  
A nonwoven is broadly described as material manufactured directly from extruded continuous or 
staple fibres rather than of yarn or layering of fibre webs or batt (Russell &Stephen 2007). Techniques 
such as chemical bonding, mechanical interlocking, thermal bonding and stitch bonding consolidate 
the product (Lunenschloss & Albrecht 1985).  
The definition of a nonwoven described by Industrial Nonwovens & Disposables Association (INDA 
2005) is a sheet web structure, bonded together by entangling fibre or filaments and by perforating 
films. These are mechanically, thermally or chemically bonded. Paper-type products do not fall into 
this category, however, nor do products such as glass, metal and composite materials.  
This complexity has led to a wide range of fabrics being classified as nonwoven. The recognised grey 
areas include: ‗wet-laid fabrics, containing wood pulp, stitch-bonded fabrics, which contain some yarn 
for bonding purposes; and needled fabrics containing reinforcing fabric‘ (International Standards 
Organisation ISO standard 9092). 
As nonwovens have evolved from different technologies, defining its boundaries has become difficult. 
The mentioned definition by INDA (2005) is controversial, as this description does not include the 
use of composite materials, which is a developing area strongly connected to the textile industry.  
Woven, knitted and nonwoven fabric constructions are the foundations for new developments 
occurring within the textile industry. As the use of technology has advanced over the years, so have 
the basic fabric constructions. The ideas and concepts of earlier   research on textile structures have 
inspired new research into raw materials, processing technology, and applications that utilise textile 
structures.  
1.1.3 Textile developments 
As the global demographic of society changes, its needs and desires also evolve, and that is the 
driving force for research and development. The need to be faster, better, more functional and 
individual has instigated change in today‘s society. Therefore, the textile industry is also changing and 
investing in the development of new equipment and material.  
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Researchers are undertaking numerous studies to explore materials and to understand the impacts of 
processing. The article ‗A light at the end of the tunnel‘ (Reichard 2009) highlights that organisations 
are improving products, anticipating consumer needs, raising standards, and continuing to invest in 
new equipment to survive in the manufacturing industry. The need for specialisation and measuring 
systems to monitor the inputs and outputs of processing are growing. Understanding production costs, 
availability, variety and consistency of products is important for meeting consumer and market needs. 
The impact of globalisation, ethical manufacturing and environmental issues are escalating concerns 
for the industry and are growing areas of research.  
Software modelling systems increasingly play a part in textile industry developments. They have 
contributed to better understanding and predicting of the behaviours of fibres and fabrics. A study 
conducted by Toney (2000) on computer modelling of fibrous structures found it could play an 
important role in predicting the performance and properties of materials. The research showed that 
software modelling systems could lead to advancements in textile design, especially for fibrous 
structures. 
Phrases such as engineered, high-tech, functional, smart and intelligent textiles are becoming common 
terms used by the textile industry. These terms now describe the technical materials utilised in various 
applications for the support industries outside of traditional textile sectors. As the development of 
industrial applications increases and the demand for functional products grow, the material science 
expands. These developments have progressed the textile revolution further into the market of TT. 
1.2 Technical textiles  
1.2.1 Introduction to technical textiles  
The process of manufacturing textiles, be they traditional or TT, can involve a combination of 
technologies. TT is ‗materials and products manufactured primarily for their technical and 
performance properties rather than their aesthetic or decorative characteristics‘ (Demboski & Gordana 
2005).  
The application of TT does not place an emphasis on aesthetic value, but aesthetics is still a 
consideration. This dynamic appears in the abundance of the term ―high performance‖ being used, 
especially in sportswear. An element of decorative design is still important for consumer aesthetic 
appeal, but there is a focus on the performance of the material. 
The application areas of TT has expanded immensely, as shown in Figure 1.3, which outlines all the 
major industries utilising TT. The expansion of TT application areas has led to advancement, 
effecting changes to the raw materials, structures and technology now available.  
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Figure 1.3 Technical textile applications (CSIRO) 
The processing of materials has been increased by modifications to high speed weaving looms, 
available in various widths, and the option to utilise a variety of new and old raw materials. Modified 
knitting machines produce seam-free products, and are moving from domestic applications to TT.  
The production of felted nonwovens using mechanical bonding to create a standard felt material has 
also advanced in its process. The basic concept is still the same, using needles to entangle fibres 
together, but now with enhanced needle type modifications, processing speed, and equipment capacity 
and capability. TT products now integrate special finishing treatments for added properties, such as 
thermal, mechanical, or chemical spraying and coating. Manufacturers are increasingly utilising 
technological modifications such as robotics and combining technologies together. 
Another emerging area of textiles that also comes under the broad banner of TT is composite 
materials, or textile reinforced composite materials (TRCM). Components of TRCM require 
additional processing, such as finishing treatments or coatings and laminating of different structures 
together. The process can utilise a number of methods to achieve the required constructions. 
Composite materials generally involve either glass or ceramic fibres and reinforming of fabric 
structures.  
The task of defining the scope of TT is extensive. Different global regions have preferences in their 
use of textile terminology; therefore, viewpoints can vary slightly. Adanur (1995) noted that USA 
preferred to use the term ―industrial textiles‖, which refers to ―all textile products other than those 
intended for apparel, household and furnishing end-uses.‖ In Australasia, the use of TT is more 
common amongst industry personnel. The policy committee of the Technical Textiles and Nonwoven 
Association (TTNA 2000) in Australia chose to use its own definition. ‘Supply Chain #4: Technical 
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and Nonwoven Textiles: This chain covers the manufacture of high performance often customised 
fabrics for of these industrial users (such as the automotive, sanitation and construction industries) and 
for individuals with specialist personal use requirements (such as sports and leisure equipment and 
clothing.).‘ The local government representing textile clothing footwear industries accepts and 
recognises this description (TCF 1999). 
The industry covers a vast range of products and applications. Understanding the various definitions 
outlines which various products are classified as textiles. It is also critical to understand how Fibre 
Cement Sheets (FCS) and Fibre Cement Felts (FCF) fit into the textile industry.  
1.2.2 Classifications of technical textiles and applications  
Techtextil, Messe Frankfurt Exhibition (Demboski & Gordana 2005) developed the classification of 
TT market areas and it is acknowledged globally. Table 1.1 outlines the range of broad market areas, 
applications and products available.  
In some broad market areas, such as Hometech, Sporttech and Clothtech, the use of textiles is clearly 
visible. In other areas, the use of TT is not simple to identify as they are niche applications. These can 
include areas such as Geotech and Indutech, where the materials are important for supporting the 
application.  
Within the Geotech market, research has investigated the uses for TT nonwovens, highlighting that 
the fibrous construction is useful for absorption and drainage properties. Oekotech is another 
emerging area, working toward the development of biodegradable materials. Recyclable materials are 
also being developed to help reduce waste. The industry at large is increasingly interested in the 
introduction of environmentally friendly products. 
Table 1.1 Classifications of TT industry, products and applications (Kothari 2008) 
Description  Key Technical Requirements  Products  
Argotech 
 Agriculture 
 Aquaculture 
 Horticulture 
Strength, resistance to degrading by 
weather conditions and 
biodegradability 
Woven and nonwoven crop protection covers, 
capillary matting: land netting, fishing ropes, 
nets, and fishing line 
Buildtech  
 Building 
 Construction 
Compliant to building safety 
regulations on noise, strength and 
environmental conditioning 
Tarpaulin, textile structures, concrete 
reinforcements, and composites  
Clothtech  
 Footwear 
 Clothing 
Technical clothing and new footwear 
concepts 
Woven, nonwoven interlining , shoe 
components, hook & loop fasteners  
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Geotech  
 Geotextiles  
 Civil engineering 
Ground stabilisation, soil 
reinforcement, pit lining, erosion 
control; fabrics must have good 
strength, durability, thickness and low 
moisture absorption 
Mostly nonwoven and woven fabrics, With 
synthetic fibres like glass, polypropylene and 
acrylic fibres used to prevent concrete and 
plastic cracking 
Hometech 
 Household textiles 
 Floor covering 
Durability and comfort  
Mattress components, dust cloths, vacuum 
filters, carpet backing, ground yarns, sewing 
threads, and composites 
Indutech  
 Filtration 
 Conveying 
 Industrial uses 
All fabric constructions that support 
filtration and processing in mechanical 
and chemical engineering are utilized 
Conveyor belts, drive belting, paper-making 
felts, nonwoven wipes, ropes, seals, gaskets, 
coating, and substrates. 
Medtech 
 Hygiene  
 Protective care 
 Wound care  
Hygienic with a resistance to forming 
micro organisms. 
Woven/ nonwoven gowns and drapes, woven 
or knitted bandages, nonwoven wound care 
products and sterile packaging  
Mobiltech 
 Automobile  
 Ships  
 Aircrafts 
 Transportation  
Durability and resistance to external 
and internal environmental conditions.  
PVC truck covers, coated PES fabrics, needle 
felts, car/truck tyre cord, drive belts, seat belts, 
upholstery truck covers, marine composites, 
and cabin air filtration  
Oekotech 
 Environmental 
 Protection 
 Treatment  
Durability, resistance to external and 
internal environmental conditions. 
Prevention of water pollution, water 
cleaning, waste treatment and 
recycling, and erosion control 
Rubbish nets, wrap, lining and woven filters 
Packtech 
 Packaging 
Consumer safety for food grade and 
durability  
Food products, wrapping, nonwoven 
processing belts, food bags, tea bags, and 
nonwoven packaging 
Protech  
 Protection 
Durability, bullet proof and high 
visibility 
Fire retardant clothing, safety vests, 
harnesses, face masks and gloves 
Sporttech 
 Professional sport  
 Leisure sporting  
Durability and stability  
Boat covers ,sports bags, sail cloth, nets, 
tents, sleeping bags, artificial turf, leather 
substrates and sports equipment 
 
Research has yielded impactful results. For instance, a study conducted by Rawal, Anand and Shah 
(2008) examined the use of needle-punched nonwoven material for ‗filtration, separation, protection, 
drainage, and reinforcement.‘ This research outlined that the web area, depth and needling density 
have an effect on the drainage ability of nonwovens. These findings are important for the design of a 
product and its suitability for the application.  
Another niche application area of TT is nonwoven felts for processing solids, liquids or gas. An 
example of this is paper machine clothing (PMC), a nonwoven felt used to assist in the manufacturing 
of paper. The process involves three stages of processing, or sections for paper production, two of 
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which utilise TT. Firstly, the forming section uses open woven structures and then the pressing section 
utilises a nonwoven felt. New paper machines also use processing belts to transport paper through the 
machine to minimise defects on the paper rolls.  
This study uses nonwoven felts used for the production of paper making in comparisons with FCF, as 
the basic principles are similar. In the commercial market, suppliers of PMC also supply FCF, 
although published research on this area is limited. In this research, FCF is classified as a product 
under Indutech, as it is a product designed to support an industrial application.  
1.2.3 The technical textiles market  
The textile industry in recent years has experienced a number of changes in the nature of global 
trading, especially since 1995, when the World Trade Organisation (WTO) began reducing the quota 
systems. These changes have affected exporting and importing worldwide and changed the 
distribution of manufacturing around the world.  
Weller (2007), in a report on retail clothing and textile production, found that the changes in 
manufacturing costs have significantly impacted the garment industry. These changes have led local 
manufacturers of textiles to move off shore into developing countries. 
Globally, the market share of TT is steadily increasing and is the most expanding sector of textiles. 
Table 1.2 outlines the numbers for world regions, showing a world total of 14.3% for TT. The 
countries of significant growth are Asian countries, especially China, which is the highest exporter of 
textiles in the world 
Table 1.2 World consumption of TT by broad regions 1995–2010 in thousands of tons (Kothari 2008) 
Region 
Years Compound Annual 
Growth Rate (CAG) (%)  2005 2010 
Americas 5777 6821 3.4 
Europe 4773 5577 3.2 
Asia 8504 10645 4.6 
Rest of the world 628 730 3.1 
World total 19683 23774 14.3 
 
When consumption declines in the TT industry, the larger textile market also drops. This was evident 
during the decline in car sales and production, which caused a decline or minimal growth in the area 
of Mobiltech, as carmakers use TT for seatbelts, airbags and interior upholstery. Another example of 
this is when the US housing market decline led to less construction and the sales of FSC and building 
products faced a downturn 
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Table 1.3 below shows the world consumption of TT by application area 1995–2010. It is interesting 
to note that Oekotech is experiencing the highest percentage of growth at 6.9% yet the total dollar 
value is still well below almost every other area. The growth in this sector is important as the 
awareness of environmental issues rises; it indicates that organisations are becoming more conscious 
of the impact of manufacturing on the environment (ref 1.2.6). However, there is still room to remain 
competitive as governments and organisations encourage research and development. In the past few 
years, national governments have endeavoured to provide assistance for organisations through 
technology funding and innovation schemes.  
Table 1.3 World technical textiles consumption application areas 1995-2010 (Kothari 2008) 
 
Application area 
Volume (1000 
tons) for years 
CAG Value in USD (millions) CAG 
2005 2010 ‘05–‘10 2005 2010 ‘05–’10 
Argotech 1615 1958 3.9 6568 8079 4.2 
Buildtech 2033 2591 5.0 7296 9325 5.0 
Clothtech 1413 1656 3.2 7014 8306 3.4 
Geotech 319 413 5.3 927 1203 5.3 
Hometech 2499 2853 2.7 7622 8778 2.9 
Indutech 2624 3257 4.4 16687 21528 5.2 
Medtech 1928 2380 4.3 6670 8238 4.3 
Mobiltech 2828 3338 3.4 26861 29282 1.7 
Packtech 2990 3606 3.8 5329 6630 4.5 
Protech 279 340 4.0 5873 6857 3.1 
Sporttech 1153 1382 3.7 16052 19062 3.5 
Total 19683 23774 3.8 106899 127287 3.6 
Oekotech 287 400 6.9 1039 1389 6.0 
 
Mobiltech is producing the highest dollar value, and is projected to further increase in 2010, although 
the rate of growth is low compared to other application areas. Industries endured significant changes 
during the global economic recession that started in 2008. The TT industry is progressing and is 
continuing to expand, however.  
Different regions around the world experience changes at different rates and periods. From a global 
perspective, the industry is likely to see changes in (Ganiaris & Okum 2001): 
 development of new materials 
 local government assistance  
 global involvement to assist the industry  
 collaboration between organisations 
 developments in technology  
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 changes toward environmental friendly methods of manufacturing  
 reductions in energy consumption  
 globalisation as supported by global manufacturing 
 waste reduction  
 movement of manufacturing locations.  
The market for TT will continue to grow. Science and technology are developing the need for high-tech 
materials, which will see TT expand and diversify to meet a wide range of application areas. The 
development of smart textiles, sensory materials and phase change materials are also expected to 
proliferate across the application areas.  
1.2.3.1 Transition to technical fibres and yarns 
The research and design of TT correlates to the development of raw materials. The selection of raw 
materials for a desired application is a key factor to consider. As mentioned earlier, TT is defined by 
its functionality and performance rather than its aesthetic appeal. This raises the question whether it is 
the material or the application that makes a product highly technical.  
The fibres TT uses are derived from conventional fibre types; however, producers modify the polymer 
structures for technical applications rather than for conventional textiles (Demboski & Gordana 2004). 
During the very early stages of textile production, producers used natural fibres, either animal or plant 
based, which worked well at the time. Wool fibres were commonly used for bulky applications in 
needle-felted products or protective clothing for their good insulation and flame resistance properties. 
The medical field used silk for sutures and linen for ropes and heavy applications.  
Natural fibres are limited in their properties, however, and not as easily manipulated as manmade 
fibres. The earliest synthetic fibre was viscose, which was commercialised in 1910; the major 
application was for rubber products such as tyres, safety belts conveyor belts and hoses. The most 
significant change to influenced the TT industry the development of the polyamide (PA) fibre in the 
1930‘s. The development of polyamide led to further research that resulted in new fibres, such as 
polyester (PES), polyethylene (PET), polypropylene (PP) and carbon. More recently, requiring high 
heat resistance and durability have turned to aramids, high density polyethylene (HDPE).  
The future of synthetics is a dramatic landscape. The concept of phase change materials is now in the 
market. These materials can adapt and change their properties within a range to suit the application. 
Multi-functional materials have been successful in automotive interiors, battery warmers, protective 
clothing and also in geotextiles.  
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The use of TT has spread to all technical industries, as outlined in Figure 1.3. These materials are 
often slightly modified to suit more than one application. An example of this is nonwoven needle 
felts; they are used in filtration processing for filter bags, in processing belts for paper machine felts 
and for FCF. The products can use the same polypropylene base fibre, but different diameters and 
technology provide different mechanical and chemical properties the fit specific application 
requirements.  
Below in Table 1.4 is a summary of the major fibres used in TT and their mechanical properties. 
Polymer chips with the desired properties can be extruded out directly into yarn for processing into 
various cross section shapes and styles. The three basic types of yarn construction are monofilament, 
multifilament and yarn produced from spinning staple fibres. 
Table 1.4 Mechanical properties of high-performance fibres (Kothari 2008) 
Fibre type Tensile strength (MPa) Failure strain (%) Tensile strain (GPa) Density (g/cm3) 
PET 3210 2.3 135 1.41 
Aramid 3450-3620 1.9-6.2 112-179 1.44-1.47 
HDPE 3090 1.8 172 0.97 
Carbon 2900-6000 0.7-1.8 230-390 1.74-1.81 
Fibreglass 3448 3.5 72.4 2.54 
 
Understanding raw materials leads to developing products best suited for a particular application. 
Consider papermaking felts. Before the use of TT materials, manufacturers produced paper on fine 
metal mesh. Although the material was highly durable, it was prone to rust due to the water used for 
processing. Installation was also difficult and safety was a concern. Metal mesh was then replaced 
with woollen felts; however, as the chemicals and processing involved in paper production evolved, 
the resistance of wool fibre to chemicals became insufficient and the material no longer suited the 
application. At present, the popular choice is polypropylene felts. These are chemical resistant, 
dimensionally stable and, when designed correctly, able to provide optimum processing capabilities.  
The range of raw materials available for use in designing a technical product is wide. The materials 
cannot meet every requirement, though; there may still need to be an element of compromise. A 
product could not easily ask for high durability, low elongation, pliability and low costs and to be 
environmentally friendly. If a product needs high tenacity, chances are it will be extensively 
processed and therefore not biodegradable. In addition, a product that is pliable will have a degree of 
elongation and the more technical specifications required, the more expensive the product becomes. 
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1.2.3.2 Technical fabric structures and technologies  
The construction of TT still utilises the three basic structures of fabrics (refer 1.3) but producers can 
make modifications to enhance certain properties for a chosen application.  
1.2.3.3 Knitted technical textiles  
Many technical application areas use knitted constructions, especially Medtech, Sportech and 
Clothtech. For example, SmartLife Technology Ltd (2009), a UK based organisation, developed a 
medical device which is a wearable personalised monitoring system. The SmartLife team designed a 
knitted textile material incorporating flexible integral dry sensors that allow for the monitoring of vital 
health signs.  
Braided constructions, the interlacing of yarns to make 2D or 3D structures, are becoming a popular 
product. Researchers are working to use braided materials to replace the use of traditional yarns in 
some applications. The main feature of the braid is the angle of intertwining, which can vary 10–80°. 
Braided products have been proven to save production costs compared to regular knitting technology. 
Reinforced composite materials also use knitted fabrics (refer to 1.2.4.6), and technical knitted fabric 
use in multiaxial construction is increasing. The Karl Mayer machines are the most recent technology 
development for multiaxial and 3D knitted constructions (Kamiya 2000).  
1.2.3.4 Woven technical textiles 
The traditional method of manufacturing woven fabrics is the interlacing of warp and weft yarns to 
form woven fabric structures. TT applications still use the traditional method but with the introduction 
of new weave patterns and technology such as multiaxial construction. These modified weave 
constructions are fabrics utilising yarns interlacement other than at 90° angles. A study of multiaxial 
woven TT found that the mechanical properties of multiaxial woven fabrics are greatly superior. They 
have a wide range of technical applications, including in sail cloths, tyre fabrics, balloon fabrics, 
pressure receptacles and laminated structures (Lima 2010). 
The combination of the yarns and the weave pattern used influence a number of the resulting 
characteristics, such as the air permeability and porosity, of woven materials. A study conducted on 
plain woven cloths found that the air permeability increases with the porosity rate, but increasing the 
number of warp and weft yarns per unit area causes a decrease in air permeability. The research 
concluded that the fabric structure, density, and yarn characteristics all influence air permeability.  
Woven fabrics are the most stable of the textile structures and are often used in composite materials 
(Ogulata 2006).  
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1.2.3.5 Nonwoven technical textiles  
Nonwoven is a technical fabric construction that can also be designed to suit a variety of application 
areas. FCF is a TT nonwoven product for a specific application; however, comparisons can be drawn 
with other technical nonwoven products.  
Studies have been conducted on nonwovens since the 1960‘s. The first research recorded was a series 
by Hearle et al (1971) investigating the effects of the needling process on fibre breakage. The research 
aimed to measure the punching force during the process and the transfer of fibres through the web. 
The theoretical approach and practical application of that research are the foundations of current 
research in nonwovens. The findings of Hearle et al (1971) were important for highlighting the key 
concepts of needling, which assist in the design and construction of needled nonwoven TT for today‘s 
application areas.  
Manufacturing nonwoven fabrics includes a carding process. The size of the rollers, the speed, the 
distance from one roller to the other and the wire dimensions all have an effect on the web formation 
(EDANA). The machines involved have a controlled setting developed for processing various fibre 
types, and producers can adjust them as required. As new materials are developed, the requirements 
for specific products can be more closely met.  
In a study supported by the CSIRO, Atkinson (2007) developed Sirolock, an engineered doffer wire to 
assist in effectively transferring fibre from the main cylinder and preventing it from returning. For 
carded web manufacture, it presents a significant reduction in fibre wastage and can improve machine 
efficiency. These types of developments offer producers better control of fibres during processing and 
enhance the properties of the final technical product. 
It is now important to have a comprehensive understanding of the intended application and its 
requirements, as it will assist in designing a product that utilises materials with the right properties 
and characteristics. 
1.2.3.6 Composite materials  
Composites are also a TT material, as explained in an article by Ellyard (2000), who compares 
composite materials to the ‗straw mud bricks‘ used for thousands of years that take two materials and 
combine them to achieve the best results. Mud is broken up easily and straw has tensile strength. 
When the two are combined for a building material, it produces a product with compressive and 
tensile strength.  
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Fibre reinforced composite material (FRCM), textile reinforced composite materials and textile 
reinforced concrete materials (TRCM) are all examples of composites. Most composites consist of 
two materials; one material acts as the matrix or binder and the other material acts as the 
reinforcement to form the much stronger composite material. 
The different technical structures enhance the properties of composite material. An evolving area of 
research is into specific characteristics, such as the tensile properties of warp-knitted cement-based 
composites (Alva et al 2008). One study took a number of samples with textile reinforcement and 
others without and tested the differences. The composite material showed better mechanical properties 
and a higher efficiency factor when compared to traditional fabrics. 
Polymers can also be used as the reinforcement material in composites. For example, Kevlar® is a 
polymer fibre that is immensely strong and adds toughness to a composite. It was developed to 
replace steel in radial tyres and is now used in bulletproof vests and helmets, creating products strong 
yet lightweight.  
Researchers have studied composite materials to investigate the strength of various combinations of 
reinforced composites. Brückne, Ortlepp and Curbach (2000) investigated textile reinforced concrete 
for bending and shear strength. The research concluded that concrete strengthened with textile 
reinforced material showed an increase in shear strength.  
Researchers have also investigated the natural fibre properties of hemp fibre for reinforced concrete 
composites. They tested different hemp fibres, the concrete mixing methods, and the ratio of 
combinations with concrete and hemp fibres (Zhijian, Xungai & Lijing 2006). The research found that 
the physical properties make the hemp composite more suitable for use in such applications as 
pavement. The results indicated that the hemp fibre content by weight is the main factor affecting the 
compressive and flexural properties of a concrete product, regardless of the mixing method. TRCM is 
an advancing area of research and the possibility for various industrial applications is continuing to 
grow. 
1.2.4 Finishing and subsequent processes  
Manufacturers are increasingly using finishing equipment with technical materials. They treat fabrics 
chemically, mechanically and/or thermally to achieve specific properties. The required finishing 
processes are usually chosen to create a material that suits the end application of the textile product. 
Goosens (1993) investigated bonding, laminating, coating, and impregnating of nonwoven structures 
and found that, for the application of gas filtering, it is important to prevent particles from adhering to 
the nonwoven product; consequently, coating and heat setting was recommended. 
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Mechanical finishing includes singeing, calendaring and laminating. Chemical finishing or treatment 
includes binders, coating, or encapsulation. These additional processes help stabilise fabric for a 
specific application (Smith 1996) 
1.2.5 Technical textiles and the environmental impact 
The impact of individuals, organizations and industries on the environment has recently become a 
global concern. TT manufacturing and the textile industry in general has been criticised for poor 
performance regarding the environment and for inadequate monitoring of its environmental impact. 
This global issue is driving industries to become more aware of their environmental performance, 
which can also be used for competitive advantage (Bottiglieri 2007). Globalization has also 
highlighted the environmental effects of each country‘s organisations and industries. Questions such 
as ―How environmentally friendly are your products?‖ (Miner & Vice 2007) are now being asked 
across a range of manufacturing industries.  
It has become important (Horrocks & Anand 2000) for organisations to become eco-friendly. A recent 
example is in filtration fabrics, where organisations are being encouraged to combine forces in hopes 
of reducing the amount of waste generated from used filter material or polyamide and polypropylene 
(TTNA 2009).  
Many studies are investigating alternative methods of production that use recycled materials and 
consider the effects of manufacturing on the environment. Carsten (2008) investigated recycling paper 
equipment for removing dirt from old paper stock. He found that new equipment used less energy and 
water and produced a better pulp product. Renjilian (1994) investigated recycled fibre usage and its 
effect on PMC Press Fabric. The study concluded that the filtering properties of the press fabric could 
be modified to use recycled fibres in the construction. These are positive signs for the paper industry, 
as the initial cost for companies to change their manufacturing operations is likely a factor behind 
their slow transition to greener production.  
Organisations are collaborating to reduce the amount of waste created, minimise emissions and 
moderate their energy consumption in production. Groups have developed some environmental 
performance indicators for textile processes and products (Xin 2000), but further assessment and 
development is still required. Combating the negative effects of manufacturing on the environment is 
now a global aspiration, driving the improvement of raw materials, processing and technology. 
1.2.6 Performance evaluation and testing of technical textiles  
The evaluation and testing of TT includes testing for physical and chemical properties similar to those 
of general textile products. Materials are tested to monitor manufacturing process outputs, to meet 
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quality control requirements, and to acquire information about a product‘s performance 
characteristics. TT is tested for performance and functional requirements to make sure an engineered 
product will fulfil the purpose it was designed for.  
The end users of the product, internal standards within an organisation or global standards for 
regulation and safety specify the appropriate test method. The testing uses a methodical approach to 
ensure repeatability of the production, quality and functionality of products. TT testing establishes a 
standard test method, calculates the sampling size for quality control and maintains external 
environmental test conditions.  
All industry product testing needs to abide by a standard. These can be set internally as industry 
specific or be endorsed by standards organisations such as:  
 Australia New Zealand Standards (AUS/NZ) 
 Australian Standards (AS)  
 National Association of Testing Authorities, Australia (NATA) 
 American Society of Testing Materials (ASTM) 
 Association of the Nonwovens Fabrics Industry (INDA) 
 British Standards Institute (BSI) 
 International Organisation for Standardisation (ISO)  
If the raw materials used are not consistent and within specifications, then the product will not meet 
the requirements. Some applications of technical textiles require a more rigorous approach to testing 
than others, such as medical textiles and protective clothing. The size of the sampling for quality 
control may also vary. Generally, a statistical analysis is completed to evaluate what size of sample 
would represent the total product lot or batch.  
Table 1.5 is a summary of the tests conducted at fibre, yarn and fabric stages. Depending on the end 
user requirements, tests are conducted at each step of production or specifically selected based on end 
product application. There are also a number of tests specific to knitted, woven and nonwoven fabrics.  
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Table 1.5 Summary of common textile tests (RMIT Fabric Testing 2010-2011) 
Fibre Yarn  Fabric 
Qualitative fibre identification  Linear density Weight/per unit area 
Fineness/thickness (dtex) Diameter Thickness 
Length (mm) Twist direction (S/Z) Stiffness 
Moisture content (%) Elastic recovery  Air/water permeability 
Crimp  Evenness Abrasion resistance  
Mechanical properties Strength Thermal conductively  
Chemical properties  Breaking force & elongation  Flammability  
Density (g/cm3) Hairiness Colour fastness 
UPF rating   Tensile strength and resistance  
  Burst strength/tear strength  
  Wicking  
  Breaking force & elongation 
  Seam breaking force  
  Piling resistance  
 
The main concept behind TT engineering is to develop and test a product for its functionality for a 
particular application. The following sections offer an overview of the manufacturing process of fibre 
cement products and the requirements. It is important to have in-depth knowledge of the application 
in order to provide a suitable functional product. 
1.3 The fibre cement industry  
1.3.1 Introduction to fibre cement  
The concept of FCP has been around for over 100 years. Ludwig Hatschek developed FC 
manufacturing at the end of the nineteenth century based on paper industry processes. The original 
process was called Hatschek.  
The invention has since been altered to achieve higher output and better performance, as shown in 
Figure 1.4. Fibre cement flat sheet manufacturers filter a dilute suspension of cement onto a rotating 
textile belt from sieves to form cement sheets (Ikaia et al 2010). 
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Figure 1.4 A fibre cement machine (Fcmbell 2003) 
The first raw material used for processing was asbestos cement, a product which is being phased out 
due to the health risks associated with asbestos. Australia was the first country to discard the use of 
asbestos in 1981, with support from James Hardie and the construction industry. 
Textile manufacturers work hard to design the optimal TT material, which requires understanding the 
relationship between the FCF and the end user. FCF is an important substrate that helps in the 
manufacturing of FC. FCF is a technical textile specially engineered to enable a fibre machine to 
make fibre cement flat sheets.  
The technical requirements of FCF directly influence the cement sheet. The engineered FCF requires 
specific properties in order to facilitate its end application on a fibre cement machine. The main 
purpose of the FCF is to consistently transport a uniform cement mix through rolls to create the 
desired fibre cement sheet and provide maximum performance before needing  replacement. 
1.3.2 Classifications of fibre cement products and application areas  
FCP products come in various shapes and forms depending on the application and commercial name; 
these are outlined in Table 1.6. The main products are fibre cement cladding, fibre cement sheets, 
corrugated fibre cement sheets, and cement boards. In addition, there are cement products used in 
roofs and in a pipe form. The terms ‗fibre reinforced cement‘ or ‗cellulous cement‘ are common ways 
to identify the product as distinct from asbestos-cement.  
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Table 1.6 Fibre cement products and applications (BCG 2009) 
Product description Application areas 
Fibre cement pipe 
 
 
 Tunnels  
 Bridges  
 Under roads 
 Infrastructure  
Corrugated fibre cement sheets 
 
 
 Domestic roofs  
 Industrial roofs 
 Industrial construction  
Fibre cement flat sheets 
 
 
 
 Interior and exterior walls  
 Floor underlay  
 Industrial ceilings  
 Infrastructure  
 
Peters (1998) says the term ‗fibre cement‘ classifies a product within the category of composite 
materials, made of ‗macroscopic combinations of two or more distinct materials.‘ The different 
materials work together to give the composite unique properties, but, within the composite, the 
different materials can be separated as they do not dissolve or blend into each other. Peters divides 
composites into four main groups, glass, metal, polymers and ceramics, and fibre composites combine 
in different ways to achieve the properties required.  
This research focuses on fibre cement sheets (FCS), as the FCF is designed particularly for this 
process. To narrow down the range of FCP available on the market, this research focuses on 
Australian terminology.  
Australian Standards categorises fibre cement as either ‗Cellulous Cement Products Flat Sheets‘ (AS 
2000, Part 1) or ‗Cellulose Cement Corrugated Products‘ (AS 2000, Part 2). In this study, FCF 
services the manufacturing of cellulous cement flat sheets. In this context, FCF is a technical textile 
servicing the manufacturing of fibre cement flat sheets. 
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1.3.2.1 Manufacturing process of fibre cement sheets  
The raw materials used in the processing of FC are a combination of cellulous fibre, synthetic fibres, 
sand or quartz, water and adhesives. Manufacturers control each part of the process, including the 
input of raw materials, the amount of raw material going into the machine, and the method of 
treatment to obtain the desired mix. The basic fibre cement machine in Figure 1.5 below shows the 
main components required to produce a fibre cement sheet. The textile substrate FCF is highlighted in 
red. This process technique is what they call the Hatschek method of production.  
 
Main Components Fibre Cement Process 
1. Sieve cylinders  
2. Stretch roll 
3. Liquid showers  
4. Vacuum dewatering boxes 
5. Size/forming roller 
6. Fibre cement felt  
7. Cement cut off wire 
 
Figure 1.5 Fibre cement sheet manufacturing 
The sieve cylinders hold the cement mix. There can be 3–8 sieves depending on the machine and the 
type of fibre cement sheet being produced. The sieve cylinders feed the cement mix onto the FCF, 
which builds up layers of cement to the required thickness.  
The stretch roll secures and tenses the felt, and takes up any extra elongation that may occur during 
manufacturing. The number of stretch rolls can also vary depending on the machine. It is important 
that the felt does not distort during production and cause problems for the FCS processing. If the FCF 
stretches beyond the machine tolerance, it will have to be removed, as it will no longer function as 
required.  
Liquid showers and vacuum dewatering boxes are strategically positioned around the FCF. These 
assist in cleaning the FCF through the manufacturing process. This minimises excessive build up of 
cement on the FCF, which will reduce the felt‘s drainage and liquid absorption abilities.  
4. Vacuum dewatering boxes 
1. Sieve cylinders 
 
2. Stretch roll 
 
1st 
Siev
e 
2nd 
Siev
e 
3rd 
Siev
e 
7. Cement cut off wire 
5. Size/forming  
roller 
6. Felt cement felt 
3. Liquid showers  
Direction of Roll 
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The size roller, also referred to as the forming roller, continues to build up layers of cement film until 
it reaches the required thickness. The size roller can also pattern the sheet if required; various sleeves 
can be placed on the size roll to achieve textures. Once the size roller builds film up to the 
specifications, a cut off wire separates the sheet at the required length. This is an automated process, 
as illustrated in Figure 1.6. The cement sheet moves along onto a conveyor belt, and the size roller 
starts the process again.  
 
Figure 1.6 Cement curing process 
An industry term to describe the build up of cement layers on the size/forming roller is ‗film‘. When 
the cement film is removed by the cut off wire, it forms a green sheet, which is the uncured fibre 
cement sheet. At this point, the fibre cement sheet is still in a raw state, so the edges are tidied up and 
squared off to the required dimensions with high pressure water jets or with blades depending on the 
equipment. Each setup is slightly different. Once the trims are cut off, they can be recycled through 
the machine again for the next batch.  
The curing process takes approximately 10 hours, using heat, pressure and steam to set the sheets. 
There are also a variety of finishing treatments that makers apply to the sheet, such as coating, 
sanding and grit blasting depending on the product specifications.  
The manufacturing process operates twenty four hours a day, seven days a week with scheduled shut 
downs for routine maintenance checks.   
1.3.2.2 The characteristics and performance requirements of fibre cement sheets  
A variety of building applications use FCP and it comes in various forms. Generally the most 
common for construction are flat sheets or corrugated sheets. It can cover the exterior of a house and 
can also be a substitute for timber and barge boards in high fire danger areas. It has also been used 
internally for walls and as a tile underlay since the early 90‘s. Table 1.7 shows the main 
characteristics and performance requirements.  
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Table 1.7 Characteristics and requirements of cellulose cement flat sheets (AS 2000) 
Characteristics of fibre cement flat sheets  Description of requirements  
Dimensional and geometrical stability  
 Nominal length and width 
 Tolerances on shape and dimension 
 Straightness and squareness of edges 
 Thickness 
 
Ease of application, able to withstand normal wear for 
domestic, industrial, and straight fixture buildings. The 
FCS should have a smooth and even surface.  
Mechanical and physical  
 Bending ability 
 Shear strength  
 Density  
 Thermal and sound insulation 
 Durability  
 Dimensional stability 
 
The FCS must maintain mechanical and physical 
characteristics under the building load. The FCS must 
provide adequate thermal and sound insulation.  
Chemical resistance  
 Resistance to chemical degradation  
For application in walls and floors, it must resist 
cleaning products, paint, and other coating products for 
furnishing cement sheets.  
Resistance to natural elements 
 Water and air permeability 
 Frost resistance 
 Ultraviolet light resistance  
 
FSC should be resistant to external environmental 
factors and be durable against exposure to the natural 
elements.  
 
According to Krause (2007), the critical properties of FC also include thermal and sound insulation, 
which is important for controlling the amount of sound and thermal transmission within an allocated 
space. Generally, the thicker and denser the FC product, the better its resistance to temperature and 
sound transmission.  
The FCP range of dimensions depends on the size roller, which will vary between manufacturers but 
generally range between 2400 mm and 3000 mm in length and 900 mm and 1200 mm in width. The 
thickness is between 18 mm to 50 mm. The density varies. The lower density FCS has a fibrous rough 
edge when cut and the higher density product has a cleaner, smoother edge when cut. Durability and 
shear strength are also essential properties 
The manufacturers are obliged to remain within the Australian standards. These properties can be 
different between different FCP. As with the FCF properties, fibre cement products are monitored to 
ensure they suit their domestic or industrial application.  
1.3.2.3 Testing fibre cement to industry standards 
FC is of high importance, with its performance affecting the safety and well being of society. FC 
manufacturing standards are established internally and within the local market to maintain the quality 
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of the products. Manufacturers must remain within the standards specified, as a team of people related 
to a building project are held responsible for failures that occur due to inferior manufacturing.  
Table 1.8 outlines the main routine tests done. The smoothness of the fibre cement product surface is 
significant and is a direct reflection of the FCF used to manufacture fibre cement sheets. If the surface 
of the sheet is inappropriately uneven and textured, it will be seen as a design fault of the FCF. 
Manufacturers test products in a laboratory to stimulate the effects of external weather conditions over 
periods of exposure. 
While AUSNZ define the product as ‗cellulous cement products‘, the two main types being flat sheets 
and corrugated cellulose cement sheets, ISO refers to the same product as ‗fibre cement flat sheets‘. A 
joint technical committee of fibre cement building products established that the characteristics and 
requirements mentioned on Table 1.8 all are not all compulsory and depend on the tolerance required 
to suit the local environmental climate. However, the tests that are compulsory are dimensional, 
geometrical, bending strength characteristics and apparent density.  
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Table 1.8 Standard test methods of fibre cement flat sheets (AS 2000, Part 2) 
FC flat sheet test 
Brief description of test method 
Thermal resistance tests 
 Water permeability 
Place the sample in a frame covering the face side with water 
above 20mm. Place it in a controlled environment at 23°C with 
50% humidity for 24 hours. Once the test is complete, traces of 
moisture may appear on the underside but no formation of drops 
of water should be apparent.  
 Freeze thaw 
The frost resistance test is not compulsory and is only used 
when specifications require it. 
 Warm water 
Expose the material to 60°C water for 54–58 days, then place it 
in laboratory conditions for 7 days. A bending test follows to 
determine the amount of degradation.  
 Soak dry 
Place the material in a water bath with ambient temperature 
water for 18h and then dry it in a ventilation oven at 60 °C with 
humidity of less than 20% for 6 hours. Repeat the process for 25 
cycles and then test the material using a bending apparatus.  
 Nominal length and width Use standard units and methods of measure. 
 Tolerances on shape Measure the unit. 
 Straightness of edges Measure an edge for its squareness. 
 Thickness Gauge the thickness surface to surface . 
 Apparent density 
Immerse the cement samples in water and dry them in a 
ventilated oven at 100°–105°C.  
Density is measured by ρ=m/V, where  
m is the mass in grams of the test specimen after drying, and 
V is the volume in cubic centimetres of the test specimen.  
 Bending strength 
Conduct this on a bending test apparatus  
 
             Supports  
Place the FCS sample on the support bars and apply the load. 
Measure the modulus of rupture in megapascles, using 
Rf = 3Pl/2be
2
, where  
P is the breaking load in newtons, 
l is the distance between supports in millimetres,  
b is the width of the test piece in millimetres, and 
e is the average thickness of the test piece.  
FCS Sample  
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1.3.3 Fibre cement industry developments  
Due to its growing importance, there have been many developments in the cement industry. 
Reinforced concrete can produce materials that are strong but light weight. Ikaia et al (2010) 
investigated ‗asbestos-free technology with new high-toughness polypropylene (PP) fibres in 
an air-cured Hatschek process.‘ The study concluded that the process achieved improved frictional 
interface and better dispersion with cement using PP fibre. However, the PP fibre hydrophobic 
characteristics and its low surface roughness resulted in the poor bonding within the cement mixture.  
This research brought about a need to improve the chemical bonding of PP fibre to make it more 
suitable for Hatschek applications. Asasutjarit et al (2007) investigated the use of alternative cellulous 
fibres such as coconut coir. The bonding properties were suitable, but the durability was questionable. 
Research continues in this area. 
Increased environmental awareness, leading producers to reduce the amount of manufacturing waste, 
is also evident in the cement manufacturing industry. Studies are trying to minimise the amount of 
waste and promote material recycling. Concrete reinforced with different kinds of industrial waste 
fibre materials have proven successful in this regard (Wang et al 1994). The reinforcement of cement-
based materials has proven to be beneficial not only for the obvious environmental benefits. In 
addition, it has saved raw materials, improved mechanical properties, and enhanced the post-cracking 
behaviour cement composites (Kuderi & Shah 2006).  
1.4 Fibre cement felt industry  
1.4.1 Introduction to fibre cement felts  
The previous pages covered definitions of textiles, defining the three main categories of knitted, 
woven and nonwoven. This study defines FCF as a nonwoven product for industrial application. To 
understand the impact of the study, it is important to clearly define the product. 
FCF is a functional technical textile. To manufacture it, fibres are processed into web and 
mechanically bonded. This also incorporates a woven base into the structure. As there is no previous 
research specific to FC, this study will use general nonwoven, filtration applications, and paper 
machine felts for comparisons.  
FCF can operate on FCM as a filter material and conveyor belt. FCF, as a conveyer belt, carries raw 
material through processing. Its main function is to filter, and it also helps absorb and separate out 
excess water, which is a vital part of FCM processing.  
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In summary, FCF is a nonwoven material, specially designed for functionality rather than aesthetic 
value. It is a technical textile product used in industrial applications as a conveyor belt to assist in the 
filtering and process of manufacturing FCS.  
1.4.2 An outline of the manufacturing process  
FCF is part of a niche market, and therefore research data on its specific performance characteristics is 
scarce. Its application is similar to the application of paper machine felts and they are often compared. 
One of the major differences is the consistency of the product; paper pulp is not as abrasive as cement 
and therefore paper machine felts can have a longer life span. While the actual manufacturing process 
of FC is not as complex as that of paper products, maintaining industry standards for both is 
important.  
The properties of the fibres used in both felts are similar, although FCF uses coarser fibres and the 
base construction used in FCF is generally heavier. Manufacturing FCF involves the processing 
methods and equipment of standard nonwoven material. The raw materials used and the different 
mechanical effects determine the characteristics and properties of the resulting FCF.  
The manufacturing process illustrated in Figure 1.7 requires first selecting and combining the 
appropriate fibres, yarns, weave pattern and needling method. Producers specifically engineer FCF 
products to suit the application of an individual FCM. The same felt design may not necessarily 
function on every FCM.  
 
Figure 1.7 FCF manufacturing process 
The raw fibres arrive in bales, which are mixed with pre-carded fibres through a blending system. A 
web line then combines the fibres and processes them through a carding machine to separate and 
orientate into fine web layers. The web of fibres forms a consolidated web structure by being lapped 
several times. This structure is lightly pre needled and then rolled away till use. The needle loom 
combines the woven base and web and a specific needling method mechanically bonds them to form 
FCF. Each part of the process has an effect on the performance and final characteristics of the FCF. 
Face web  
 
Yarn  
Web   
Woven base 
  
Finished FCF 
Back web 
Combine web to base  
(needling) 
Mechanical bonding  Fibre 
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1.4.2.1 Raw materials used in manufacturing of FCF  
The FCF industry mainly uses polypropylene as the raw textile material. This is due to its chemical 
and mechanical properties. The use of synthetic fibres for industrial applications has increased 
globally by 3.5% and that is predicted to continue. According to World Market Surveys, 
polypropylene remains a relatively low cost material in comparison to other synthetic materials, and 
its availability and versatility make it a popular choice (Perepelkin 2001).  
The FCF manufacturers widely use polypropylene and polyamide, so they are the main fibres used for 
this research. Table 1.9 outlines the physical qualities of polypropylene and polyamide. The fibres 
have high tenacity and wet breakage, which make them ideal for wet application conditions. 
Polyamide and polypropylene have a high resistance to wear and can perform well in continuous 
temperatures of 120‘C. The properties of the fibres lead to a suitable yarn structure and finished 
product.  
Table 1.9 Physical properties of polypropylene and polyamide (Purchas & Sutherland 2002) 
Fibre type 
Specific 
density 
Tenacity 
(g/den) 
Elongation 
At Break (%) 
Moisture 
regain (% wt) 
Wet breaking 
Tenacity (g/den) 
Resistance 
to wear 
Polypropylene 0.91 2.0–7.0 15–35 0.01-0.1 4–8 Good 
Polyamide 1.14 5.5 30–70 6.5 - 8.3 3–8 Excellent 
 
The Handbook of filter media (Purchas & Sutherland 2002) outlines a filtration process that covers the 
effect of yarn type, structure and performance characteristics on filtration. The key performance 
characteristics of filtration have been selected based on application comparisons for FCF.  
FCF filtration material can be compared to fibre cement processing as FCF also assists in filtering by 
drawing out excess liquid through FCS. The requirements of FCF filtration material are also similar to 
those of processing cement. One of these is a minimum resistance to liquid flow, the ability of the 
structure to allow a free flow of liquid or air.  
The industry generally measures maximum fabric life by the number of days a product will function 
after the date of instalment. The durability of an FCF can vary for each FCM, as it depends on general 
maintenance and the raw characteristics of cement processing. The tendency of the FCF to block up 
with cement affects the durability and air and liquid flow, therefore affecting its functionality.  
Table 1.10 and Table 1.11 show the performance characteristics of FCF relative to the type of yarn 
used. Preference 1 is the ideal choice. Monofilament is best for resistance to flow because of its 
smooth structure. Staple fibres obtain the maximum life or durability as yarn twist influences the 
strength of a yarn. Smaller diameter monofilaments work best for resistance to blinding or filling as 
the fabric produced has a smooth surface and increased porosity, which reduces blinding. Larger 
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diameter yarn offers a longer maximum life as it will have greater resistance to abrasion. Small 
diameter fibres have the lowest tendency to blind. These are the main performance characteristics of 
filtration in comparisons of FCF.  
Table 1.10 Effect of yarn type on performance of filtration materials (Purchas & Sutherland 2002)  
Performance characteristic 
Yarn type 
order of preference (1=most preferred ) 
Effect on yarn type 1 2 3 
Minimum resistance to flow Monofilament Multifilament Staple 
Maximum fabric Life  Staple Multifilament Monofilament 
Least tendency to blind/fill Monofilament Multifilament Staple 
 
Table 1.11 Effect of yarn structure on performance of filtration materials (Purchas & Sutherland 2002) 
Performance characteristic 
Yarn diameter (average mm) (1=most preferred) 
L=large (over 1.0) M=Medium (0.3–0.9) S=Small (0.1–0.3) 
Effect on yarn structure  1 2 3 
Minimum resistance to flow S M L 
Maximum fabric Life  L M S 
Least tendency to blind/fill S M L 
 
If a raw material other than PP is used, it is not widely known as data is not available. Internal 
analyses (Larsson 2007) attempt to determine any variances of the same fibre type from various raw 
material suppliers. Results indicate that there are differences in the abrasion resistance of some 
samples and these are factors that can affect the end product. Generally, the difference is insignificant, 
although quality control requires testing raw material.  
Internally, producers test and consider other high tenacity yarns, but it becomes very expensive. There 
is also the underlying issue of whether to give customers an optimum product that will not fail or to 
manufacture a product with shortened durability and hence continue to gain regular business. 
1.4.2.2 Fabric structures and technologies utilised  
The basic construction of FCF is the same as that of a standard nonwoven product. One difference, 
however, is that a standard nonwoven fabric can have a scrim inside the construction, where FCF uses 
a heavy base construction. This method of construction is also common for PMC. The following 
sections cover the main details of the processes involved in the construction of a FCF. 
1.4.2.3 Fibre to web processing 
The polypropylene fibres FCF construction uses are processed to convert the fibre to a web form 
through a carding process. It uses heavy industrial textile manufacturing equipment that is often 
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modified to suit the raw material it processes. It is different from the conventional textile equipment 
that apparel application manufacturing uses.  
Although equipment can differ, the main purpose of carding to web forming and layering is to 
orientate and evenly distribute fibres. The web has more strength in the machine or warp direction and 
more elongation compared to weft or cross direction. Manufacturers often adjust speeds within the 
cards to achieve the desired web and different properties (EDANA 2008).  
Manufacturers process the fibres through a web line and carding process in preparation for needling. 
The industry generally uses finer fibres for the face side, or sheet side, and coarse fibres for the wear 
side, or machine side, which is in direct contact with the equipment.  
Madhuri (2002) studied the influence of fibre properties and processing conditions on the 
characteristics of needled fabrics. The research highlighted that the fibre crimp influenced the mass 
per unit area and produced a more compact product. In addition, the needled fabric was denser than 
that made of lower crimp fibres. It also found that the needled fabrics were stronger along the 
machine direction due to the alignment of more fibres than with the cross direction.  
1.4.2.4 Woven base structures for FCF  
The woven base structure for FCF is essentially conventional, although modifications have been made 
to technically enhance the product. Instead of weaving a base with high tenacity yarns, the machine 
direction uses extra polypropylene yarns (AIA 2006). Once the base is woven, additional yarns are 
added to the back side, or wear side. Producers do this for added strength and to enhance the drainage 
ability of the FCF. In the central woven base of the FCF, it helps as a filter to keep the cement 
particles on the surface and draw out any excess water through the cement mixture.  
Table 1.12 outlines the effects of weave pattern on performance characteristics. The weave pattern 
affects the uniformity and surface smoothness. The satin style weaves offer smoothness and flow but 
the lowest resistance and fabric life (Purchas& Sutherland 2002).  
Table 1.12 Effect of weave pattern on performance of filtration material (Purchas & Sutherland 2002) 
Performance characteristic Order of preference (1=Best Preferred ) 
Effect of weave pattern 1 2 3 
Minimum resistance to flow Satin Twill Plain 
Maximum fabric life Twill Plain Satin 
Least tendency to blind/fill Satin Twill Plain 
 
FCF generally uses plain or broken twill weave constructions, but the commercial level does not use 
twill as the construction can cause issues during application on an FCM. The FCF can spiral off the 
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machine, which can cause major production issues and also affect safety. Therefore the most common 
weave pattern used in the production of FCF is a plain weave. It also provides a higher maximum life 
to the product due to the evenly balanced structure.  
1.4.2.5 Needling process  
An FCF woven base is not functional on its own, as FCS produced on a woven base made only with 
yarns would form a prominent corrugated surface. Consequently, producers apply a suitable web to 
provide the final qualities of the FCF for application.  
The needling process has been an area of study for many years. The randomness of web distribution 
makes it difficult to predetermine the effects to a fine science. However, studies have improved 
understanding of needled nonwoven felts and how to manage variability in manufacturing processes 
(INDA 2010).  
A subject of concern is the effect of fibre damage from intense needling on the nonwoven structure. 
Miao et al (2004) explored this, investigating the percentage of fibre breakage and reduction of 
strength. The research discovered that the nonwoven products were stronger in the machine direction 
and less elongation occurred in the weft direction. In addition, the design of the needle barbs close to 
the needlepoint affected the amount of needle damage. The study also stated that, under similar 
conditions, the needle damage to heavy web was greater than to lighter web. Needling the web on 
alternating sides reduced the fibre damage.  
Hyungsup (1998) found that deeper needle penetration into the nonwoven caused more fibre 
entanglement and produced a stronger nonwoven. The needle type also affected the nonwoven web 
characteristics. For example, when the researcher used fine needles and longer fibres, the density and 
depth of needling increased. In the end, the mass per unit area of the web increased, the density 
increased, and the air permeability decreased. 
Compressibility is an area of interest for FCF. Researchers studied the compression behaviour of 
polypropylene needle punched nonwoven fabrics (Debnath & Madhusoothanan 2009). They 
conducted the experiment by producing a number of fibre samples at various linear densities, which 
they analysed for compression characteristics. The researchers found that parallel-laid web showed a 
higher initial thickness. Also, the percentage of compression loss and thickness loss were higher than 
those for the cross-laid web nonwoven fabrics.  
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The study stated that compression initially increases with less needling penetration and decreases in 
proportion to the increase in needling density, irrespective of web laying types. This indicates that 
better compression properties can be achieved at lower needling density for cross-laid nonwoven than 
for parallel-laid nonwoven fabrics. The felt will compress and, as a result, will decreases the life span 
of the product. Kamath et al (2004) also found that increasing needle penetration resulted in more 
fibre entanglement and a stronger nonwoven felt product. The needle type affects the characteristics; 
when the researcher used finer needles and longer fibres, it increased the weight of the web, needling 
density, depth of penetration and the web density and reduced air permeability.  
Miao & Harper (2004) explored fibre damage of needled nonwoven fabrics. They investigated the 
percentage of fibre breakage and reduction of strength. The research found that nonwoven products 
were stronger in the machine direction and less elongation occurred. Kapusta (2003) explains the 
values of punching force in the process of web needling. The results indicated that an increased 
frequency of needling led to more fibres breaking. The study also showed that a temperature increase 
during processing can decrease polymer elasticity and weaken the fibre.  
Because the manufacturing equipment and needling sequences are different for each research, and 
because the bases used for these experiments are different than those of FCF, it is difficult to draw a 
direct comparison. These studies do, however, outline the current understanding of conventional 
nonwovens. Different applications can utilise different needling sequences and needle designs for 
different results. For the purpose of this research, the impact of a heavy base is a significant point of 
difference. 
1.4.2.6 Finishing and subsequent processes for FCF 
This research did not investigate finishing technologies as it is an additional variable for monitoring. 
In a commercial application, depending on the end requirements, FCF can be finished by singeing or 
calendaring to smooth out and flatten any loose fibres after needling. Producers apply finishing 
treatments such as resins and coating as a sacrificial layer or to enhance the compaction of the FCF.  
Customer-oriented finishing is also applicable. Some manufacturers seal FCF edges with heat for 
added stability and to stop yarns from splitting off edges in the machine direction during FC 
production. The machine direction is also marked to indicate the direction the FCF operates, which is 
the same direction as the needling process. This helps avoid fibre shedding. Packaging instructions 
may also be a request from customers and suppliers of FCF to help install it onto FCM. Generally, the 
face side and back side are marked to avoid users operating with the fabric the wrong way.  
All these factors are important to note and are often monitored through a quality control system in 
commercial environments.  
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1.4.3 Characteristics and properties of FCF 
The characteristics of FCF are similar to those of a standard nonwoven porous structure. It is a 
processing belt most closely related to PMC. FCF combines different properties for the intended end 
application requirements. Looking at PMC can help people understand these issues. 
Pressing felt is a nonwoven structure important for paper processing. The pulp and paper industry has 
conducted many reports and studies observing the effects of textile structures on paper products. A 
comprehensive book (Adanur 1997) has also identified key facts in nonwoven fabric design for 
papermaking applications. It states that, for batt/web stratification, finer fibres are better on the face 
side, improving the pressure uniformity of the fabric to create an even surface. Coarser fibres on the 
back enhance air permeability and resistance to filling.  
Factors such as nip pressure and flow are important for paper manufacturing. Other characteristics and 
properties, such as the ability to dewater void volume and offer compaction are important for the 
fabric design.  
For filtration properties, the particle retention should be low for the FCF to avoid filling/blinding, 
which would reduce liquid and air permeability. Manufacturers also monitor the thickness and weight 
of the product, as the FCF needs to be flexible for installation on the FCM. They use lower dtex fibres 
for the face side of the felt as it requires an even surface and uniform finish. Coarser fibres are 
suitable for the wear side, or machine side, as coarser fibres are more resistance to abrasion over 
longer periods of time.  
As the FCF moves as a conveyor belt, studies have monitored how the air flows through a moving 
porous medium (Mou, Straley & Wang 2003). One research compared computer models with existing 
experiments and found that the thickness of the felt affects the airflow rate. For a stationary, felt the 
woven structure, moisture level, and various operating conditions affect the flow. The researchers felt 
that, to obtain accurate conclusions, practical experiments would need to be conducted, as different 
factors affect the results.  
The main characteristics of FCF can be divided into two main categories: machine orientated 
properties and application specific properties. 
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1.4.3.1 Machine orientated properties of FCF 
Machine orientated properties relate to the mechanical requirements of processing FCF. These have a 
greater influence on the FCF and its performance while in direct contact with the machine, as Table 
1.13outlines.  
Table 1.13 Summary of machine orientated properties of FCF 
Machine orientated properties  Significance for the mechanics of fibre cement machines  
Pliability or flexibly To contour around the FCM rolls 
Strength To withstand the harsh processing of fibre cement  
Resistance to abrasion To withstand the harsh processing of fibre cement 
Satiability against vibration To endure vibration during production, which can mark or break FCS 
Compressibility To suit the fibre cement processing  
Dimensional stability 
To ensure there is minimal change in stability during fibre cement 
processing  
 
This research entailed discussions with industry personnel. They often revealed that they often 
decided how to design FCF based on experiences on other FC equipment and working for an extended 
time within the industry. They often keep their design data internally confidential, as the industry is 
competitive.  
The characteristics of textile material are impacted by the raw material, and this basic principle is no 
different for obtaining the FCF properties required for FCM. Understanding the properties required 
for FC processing and the influence of the raw materials used is an advantage in developing the 
optimal FCF.  
 
 
 
 
 
 
 
35 of 123 
1.4.3.2 End application of FCF and influence on fibre cement manufacturing 
Experts in FCF manufacturing highlighted specific factors that are of importance to the end 
application of FCM. Table 1.14 outlines them in detail. FCF must have high tenacity and durability 
because of the highly abrasive and rigid mechanical process of manufacturing. In addition, FCF needs 
to have chemical resistance to the fibre cement mix, which is directly influenced by the raw materials 
selected. 
Table 1.14 End application of FCF and significance for fibre cement manufacturing  
FCM specific requirements Significance for FC manufacturing  
Dimensional physical stability 
The FCF must maintain its dimensional shape during the FC 
processing. As the FCF acts as a conveyor belt on the FCM, if the FCF 
is elongated or widened, it will cause processing issues for the FCM. 
Chemical stability  
The raw material has a percentage of elongation and shrinkage and 
this must be stable during FCF manufacturing to minimise the effects 
of dimensional change during processing. FCF must not degrade 
during manufacturing and must resist the chemicals in the FC mixture. 
Thermal stability  
The FCF must resist variation in different thermal processing 
conditions as the equipment can heat up and cool down.  
Wet ability  
The FCF must be able to absorb moisture during FC processing and 
draw excess moisture from the FCS during manufacturing 
Minimum resistance to flow  
The weave pattern and web distribution influence the air permeability 
of the FCF to allow proper liquid flow through the fabric for cleaning 
during application. The FCF must remain permeable during FCM and 
have minimum resistance to flow.  
Cost The FCF must be cost effective.  
Product life  
The FCF has to have a reasonable product life to reduce the number of 
changeovers and save manufacturing time  
Disposability 
This is a rising issue in the manufacturing market; at present, there is 
no method to recycle any part of the FCF. This also adds to the cost of 
the FCF as the manufacturer must dispose of the material. 
 
The FCF surface area must be smooth. The method of mechanical bonding and the raw materials 
work together to achieve the desired even surface effect.  
The thickness of the FCF is also important as each design can be different depending on the FCM. 
The thickness is dependent on the physical properties of the fibre, the yarn, and the mechanical 
bonding methods used.  
Atwal (1987) investigated the parameters affecting airflow resistance and concluded that it is based on 
fibre fineness, fabric weight, and thickness. Increasing the total exposed surface area and decreasing 
the size of the air channels affects air permeability and air resistance. The thickness, along with 
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chemical resistance, dimensional stability, and air permeability, affect the performance of the FCF in 
application. If the FCF is of poor quality and lacking the required properties, it will be difficult to use 
on FCM and create poor quality FCS.  
A guideline from Albany International (2000) suggested using fine or medium-size fibres on the face 
side and coarse fibres on the back side. This will increase the durability of the FCF and provide better 
drainage on the FCM. Porosity is a characteristic of the FCF and nonwovens. It is a measure of the 
void volume. It depends on the number of pores and their distribution, size, shape and orientation. 
Water permeability is the ability of an internal structure to allow the free movement of fluids. Air 
permeability and porosity are important considerations for the manufacturing of FCF.  
For around 40 years, studies have modelled nonwoven fibrous web. They have shown that airflow is 
dependent on the diameter and length of the fibre. Achieving consistent and accurate results is often 
difficult due to the random nature of nonwoven fabrics. Researchers have not yet developed precise 
modelling (Lifshutz 2005).  
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1.4.3.3 Physical and performance requirements analysis of FCF  
Table 1.15 outlines the physical and performance requirements of FCF, which highlights the tests 
required. The requirements can vary supplier to supplier. It is the manufacturer‘s responsibility to 
ensure that the product developed adopts a recognized standard. The specifications for each FCF are 
slightly different depending on the type of material a particular machine processes. 
Table 1.15 Physical and performance requirements of FCF (AI 2000)  
Performance requirements Influencing factors Available tests 
Strength and durability 
Raw materials, needling sequence and 
density 
Breaking force and 
elongation  
Abrasion resistance 
Fibre, surface area density and needling 
sequence 
Abrasion resistance% of 
fibre loss  
Chemical resistance Raw materials, fibres and yarns Chemical determination 
Pliability 
Raw materials, woven base construction, 
needling, density and finishing processes  
Flexibility assessment  
Thickness 
Raw materials, woven base construction, 
needling density and finishing processes  
Thickness gauge  
Air and liquid permeability 
Raw materials, woven base construction, 
needling density and finishing processes  
Air permeability or liquid 
permeability  
Weight per unit area  
Raw materials, woven base construction, 
needling density and finishing processes  
Scale  
Smooth surface 
Finishing selection of surface fibres, linear 
density of raw materials and finishing 
process 
Microscopy analysis or 
handle of FCF  
 
There are general tests conducted on FCF to monitor the consistency of manufacturing quality 
standards. Nonwoven fabrics are porous structures, but there is insufficient research on the influence 
of uniformity of nonwoven fabrics on air permeability and fluid transportation. The variability of 
fibres adds to the difficulty of monitoring nonwoven performance. 
A study by Ningato (2009) explored ‗Air permeability in engineered nonwoven fabrics having 
patterned structure‘. The research found that Darcy‘s Law is a common model used for predicating air 
permeability, but the theory is based on fluid transport and assumes the material is uniformly shaped. 
The results show the yarn used in the construction of the weave pattern greatly influences air 
permeability; as the yarn diameter changes, so does the air permeability. Dedov noted (2009) a 
decrease in the air permeability of the material results from the destruction of the fibres due to an 
increase in the punch density.   
The abrasion resistance of the FCF is another important performance factor, as FCS manufacturing is 
a highly vigorous process. Wang et al (2007) studied the abrasion resistance of thermally bonded 3D 
nonwoven fabrics, investigating the effects of bond temperature, dwell time, air velocity and fabric 
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weight on abrasion. They discovered that abrasion resistance decreases with an increase in the 
processing temperature and an increase in shrinkage, as the polypropylene fibre deteriorates.  
The life of a FCF varies and is based on a number of factors, such as the maintenance of the product 
when installed for production on FCM. The carded web also provides strength for the nonwoven 
fabric, as well as the surface on which FCS will be manufactured.  
There is no specific international standard for FCF manufacturing, but industry guidelines have been 
established. Organisations are evaluated on their method of FCF manufacturing and audited to ensure 
the minimum guidelines are met before a product is shipped out to a customer. Quality control and 
technical departments do the necessary checks on the output and input of raw materials. Monitoring 
each part of production assists in maintaining quality standards, and blocks products that are not 
within specifications. 
In addition, people in the industry are interested in developing recyclable material as, at present, 
manufacturers cannot recycle FCF, PMC and industrial processing belts. One of the limitations is that 
there are no developed methods of removing and separating the cement particles that adhere to the felt 
during processing. It will require a joint venture between customers and suppliers to develop methods 
of greener manufacturing. 
1.4.4 The influence of fibre cement felts on fibre cement product performance 
All TT manufacturing is a collaboration of two manufacturing systems: the TT supplier and the 
intended end user. The FCF is a key component for manufacturing FCS. It is collaboration between 
FCF, the textile manufacturer and the fibre cement manufacture. The manufacturing of the FCF 
directly influences the characteristics and properties of the FCS. Table 1.16 outlines the characteristics 
and the effects of FCF on FCS manufacturing.  
Table 1.16 Fibre cement felt influence on FC sheet manufacturing process 
Fibre cement felt characteristics  Fibre cement sheet characteristic affected  
Needling sequence  Surface pattern of FCS  
Air permeability of FCF Dewatering and flow ability during the FC process 
Raw material properties  Stability and wear during FC manufacturing  
Thickness  Machine installation and operating efficiency 
Abrasion resistance  
Amount of stray fibres imprinting the smooth surface on the FCS and 
the effect of the woven base imprint on the FCS 
Surface area  Surface smoothness on the FCS 
Chemical resistance  Maximum days on machine and the yield of the raw cement material  
Weight  Ease of the machine installation process and pliability  
Dimensional stability Operating efficiency, as well as the stability of FCS 
39 of 123 
When manufacturing issues occur in FCS, the FCF supplier needs to change the design of the product 
to suit customer requirements. As the FC manufacturers are obliged to produce products of a 
consistent quality that meets international standards, they must rigidly monitor every part of 
manufacturing.  
There are a number of changes that can be made to the FCF to change these characteristics during 
processing. For example, manufacturers can test air permeability if dewatering is a problem, as the 
FCF may have become too compacted during manufacturing or due to raw materials. Thickness can 
become a problem for installation on the machine, adding weight and affecting the functionality of the 
FCF. As the felt is made of polypropylene, the material requires a set temperature to reduce the risk of 
distortion. These effects are usually due to raw material selection and changes in the diameter of fibre, 
the layer of fibre and the base yarn selection.  
Another problem that can occur during manufacturing is fibre shedding. This is common for 
papermaking felts and causes defects in the final product. This can also occur in FCP, but the effects 
are not obvious due to the texture quality of cement sheets. Fibre shedding is caused by the abrasive 
method of production, when the needling method is not forceful enough with coarse fibres to abrade 
the felt off onto the FCS.  
The effects of poor FCF design are apparent on the finished FCS. It can cause problems when it is 
painted or coated as uneven patterns will occur on the surface. FCF has a significant impact on the 
FCM and FCP. The development of FCF is an area of textile design that affects widely used FCP. As 
the research and development of FCP continues, it will also drive changes in FCF manufacturing. It 
would be a positive change for both FCF manufacturers and FCP manufacturers to collaborate to 
improve designs and consider use of sustainable and reusable materials.  
1.5 Summary of background research  
In summary, FCF has an important role in the manufacturing of FCS; it is the belt that completes the 
process. It is imperative that the FCF meet the technical requirements for its specific role on the FCM 
to create a successful FC flat sheet for the construction industry. FCF is a nonwoven product used 
within industrial textile applications for the manufacturing of fibre cement.  
For the purpose of this study, FCP has been isolated from FCS. Understanding the technical aspects of 
cement sheet manufacturing is required to understand the required functionality of the FCF. 
The quality of manufacturing of the FCF directly influences the properties of FCS. If the FCF 
supplied is not performing at optimum levels, then the FC sheets made will also fail. The FCF needs 
to be strong and stable; if it becomes distorted while in use, that will cause problems, as it is a key 
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component in driving the machine. In the design phase, the fibres, yarns, mechanical bonding 
methods and air permeability of the FCF are also vital parameters of the technical specifications.  
Air permeability of the FCF affects the production of the FCM. The FCF draws excess water out of 
the wet FCS. If the FCF has a very low porosity, it will not draw out enough water from the FC sheet.  
The thickness of the FCF also plays a role in processing FC flat sheets. If it is too thick, it will be very 
stiff and cause installation and functionality issues.  
The fibres and yarns used in FCF manufacturing need to be highly resistant to mechanical and 
chemical wear, due to the method of production.  
In addition, the method of mechanical bonding affects the surface pattern of the FCF, and the pattern 
imprints the cement sheet surface.  
There are a number of performance characteristics that were not tested in this research due to 
manufacturing constraints, such as strength and pliability. However, the FCF manufactured using a 
combination of polyamide and polypropylene has shown a high tenacity.  
Manufacturers need to address all aspects of design to achieve the qualities required in FC sheets. FC 
sheets are essential for the construction industry. They are a widely used product and that results from 
collaboration between two manufacturing systems. Manufacturing a successful FCS requires a 
consistent FCF. When the FCS must be changed, the FCF design will need to be adjusted to meet the 
customer‘s needs. 
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Chapter 2: Research Concepts  
2.1 Objectives of the research  
This research aims to identify the effect of using different fibre diameters at a specified web weight 
and the effect of mechanical bonding on the parameters and characteristics of Fibre Cement Felts 
(FCF). This research will produce various samples and test the samples to understand their final 
characteristics. 
The main objectives of this research include:  
1. To determine the correlation between fibre diameters of 27 dtex, 44 dtex, 66 dtex and 110 
dtex in relation to the physical parameters of weight, thickness and density. 
2. To determine the correlation between fibre diameters of 27 dtex, 44 dtex, 66 dtex and 110 
dtex on air permeability. 
3. To identify the effects on the FCF of mechanical bonding and fibre shedding with the 10 web 
combinations derived from 27 dtex, 44 dtex, 66 dtex and 110 dtex fibres.  
4. To determine the optimal design for web layering, based on least fibre lost, through a 
simulation FCM. 
2.2 Research questions 
Using four specific fibres, 10 web combinations, and three varying needling sequences, this research 
aims to answer the following questions related to the design of FCF products: 
1. What is the correlation between the web layering and thickness?  
2. What is the correlation between the web layering and weight? 
3. What is the correlation between the web layering and density? 
4. What is the correlation between the web layering and air permeability?  
5. What is the correlation between the web layering and fibre loss?  
6. How does the needling sequence affect the physical parameters of thickness, weight and 
density?  
7. How does the needling sequence affect the performance attributes in relation to air 
permeability and fibre loss through abrasion tests? 
8. Is there a correlation between the selected four fibre diameters, 10 web layering combinations 
and three needling sequences?  
9. Can a statistical matrix/model be developed to use as a design tool to assist in selecting fibre 
parameters and web layering methods? 
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2.3 Research hypothesis  
FC is important to the building and construction industry. Consequently, the industries set 
specifications to ensure that the product meets the required quality standards. Groups are placing more 
emphasis on processing high quality FC, so it is necessary to design a suitable FCF to assist in FC 
manufacturing. If the four selected fibres and 10 web laying combinations have a direct influence on 
the FCF, then there will be significant differences in air permeability, thickness, weight and fibre 
shedding. The assumption is the 10 web layering combination, rather than the three needling 
sequences, will influence the results. However, if the needling sequence has a greater influence on air 
permeability, thickness, weight and fibre loss, then the results will show various differences based on 
needling sequence applied to each of the 10 web layering combinations.  
2.4 Limitations of the research  
The greatest expected limitation and challenge during this research is an inability to control and 
reduce all variables of the sample processing during the experiment including machine settings. As 
this research was conducted during the production time of a commercial enterprise, machine 
availability became a limiting and variable factor- due to constant adjustment m made during 
production.  . In addition, the machine settings on the all of the web production machines was 
adjusted on a daily basis and monitored during overnight manufacturing. Maintaining the condition of 
raw fibres prior to processing and storing the processed web in a conditioned room was difficult 
during processing due to the size of the rolls. Therefore, a possible consequence could be random 
variability in the manufactured FCF used in the sample size for testing weight and thickness. In 
addition the strength tests were not able to be completed on the produced samples.  
The daily movement of the large samples of FCF for testing was difficult to measure as it was often 
moved around to various locations for sample preparation for the test equipment. This, too, may have 
resulted in discrepancies within tested samples, although variances were better managed during the 
sample testing phase, as the prepared samples were stored in a conditioned laboratory prior to testing. 
This study tested the FCF samples on a simulation FCM (mini press) to evaluate the effects of fibre 
loss. A full trial on a production machine was not feasible due to time, availability constraints and also 
internal privacy and confidentiality agreements.  
The above limitations were managed where possible, by controlling conditions before tests were 
conducted and monitoring machine settings when possible. However is would appear variation was 
still present, which influenced the end results and the properties of the FCF produced for sampling. 
Furthermore, there is limited information on the past and present results of FCF on this particular 
FCM, as all FC equipment is different. Therefore, a comparison for this research was based on results 
for paper machine felts and general nonwoven research.   
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Chapter 3: Research Design  
This section covers the methods involved in the experimental trials. The first part outlines the 
research design and the FCF sampling required. The details of the fibres selected and the processing 
required to transfer the fibres into web follow that. In addition, the yarns used and all the 
manufacturing equipment used have been specified. This section also outlines the laboratory 
equipment. The samples produced and experimental analyses used were to fulfil the key objectives of 
this research.  
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3.1 Experiment methodology 
Figure 3.8 outlines the steps taken to conduct this research. As this study was conducted within a 
commercial manufacturing environment, some equipment specifications have not been covered in 
detail to maintain confidentiality.  
To begin with, this study analysed the external and internal market, using an internal database to 
identify the key products and processing methods. This search revealed an area of TT using FCF 
processing belts for research, based on its extensive presence and its use of raw materials and 
processes. 
 
Figure 3.8 Overview of research methodology 
This study then conducted an external and internal market analysis, which identified FCF as a 
suitable technical product for research. This was followed by a commercial product analysis to 
narrow the internal commercial product range of FCF. The product selected for experimental analysis 
was the most common style of FCF manufactured, based on annual usage by external customers.  
Once the FCF product was chosen, the researcher selected the raw materials of fibre and yarn in order 
to obtain a range of samples for experimental analysis. The manufacturing of FCF involves the same 
principles as standard nonwoven felts, but design specifications vary for each product to suit the 
specific requirements of the FCM. Processing FCF includes selecting appropriate fibres, processing 
Research methodology  
External commercial product analysis of FC market 
Sample testing 
 
Manufacturing equipment selection  
 
Yarn selection for experimental sample 
 
Internal FCF commercial product analysis  
 
Data collection and analysis  
 
Internal commercial product analysis  
 
Fibre selection for experimental sample 
 
Woven base construction selection 
 
Experimental sample production   
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them to form carded webs, and selecting yarn for weaving. The consolidation of the woven base and 
the carded web is done through a method of mechanical bonding or specified needling sequences 
which completes the manufacturing process. 
The four selected fibres were processed into four carded webs of the same weight, 180g/m
2
. Dilo and 
Technotex machines performed the web forming process. The machines contain rollers of various 
sizes which are covered with fine combs to card the fibres in preparation for needling. Once the fibres 
pass through the various carding zones, the fibres are air-lain and cross lapped over themselves 
several times to form a uniform web. Pre-needling tacks the web of fibres together and a web 
measuring system identifies any variation within the web.  
The woven base fabric is the core of the FCF and imparts properties of strength and pliability. For 
additional strength for the woven base fabric, polypropylene, 3 by 5 plied, 1290 tex multifilament 
yarns were applied to the woven base fabric by adhesion. Heat-activated polyurethane adhesive 
applied the additional yarns in the warp direction on the backside of the woven base. The woven base 
used for all of the samples was kept the same and it is assumed that the fabric construction had limited 
variation.  
The four diameters of selected fibres were processed into 180 g/m
2
 carded web and 10 web layering 
combinations of samples were produced from the four fibres. The changing component was the 
needling sequence used to consolidate the carded web of fibres to the central woven base.  
Once the needling sequence was complete, the researcher tested the samples for air permeability, 
thickness, and weight per unit area. The researcher also conducted a visual analysis. The samples 
were tested to identify differences and correlations between the characteristics of each complete 
needled sample. In addition to the above mentioned tests, the researcher trialled the samples on a 
simulation mini press to replicate the application process. This chapter will cover in detail the 
research design and the methods used to evaluate the results.  
3.2 Study design  
This research aims to investigate the effect on FCF of different fibre diameters, processed into 180 
g/m
2
 carded web, and mechanical bonding. This is to identify the characteristics and performance of 
FCF, which is a direct influence of the raw materials used and of the processing applied during 
manufacturing. 
Figure 3.9 illustrates the research design. It outlines the selection of the four fibres processed into four 
carded web, the standard woven base fabric and the 10 web layering combinations. The 10 web 
layering combinations are in 10 sections (S1–10), which were divided evenly into 2m sections across 
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the woven base fabric (refer to Table 18). The fibres were processed into four separate homogenous 
webs (W1–4) of 180 g/m2 to make 10 combinations for 10 sections for each of the three woven base 
fabrics (WB1, WB2, WB3) to form the middle construction. The fourth base (WB4) was separated 
into 8 sections and only 27 dtex and 66 dtex 180 g/m
2
 webs were applied. This was to test the 
differences between different needling densities and depths. The four bases had four separate needling 
sequences. The following pages cover the details of each needling sequence and the raw materials.  
  
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Code  Description  
F=Fibre  F1=27 dtex  F2=44 dtex  F3=66 dtex  F4=110 dtex  
WB= Woven Base WB1=Standard  WB2=Standard WB3=Standard WB4=Standard 
FW=Fibre Web  FW1=27 dtex FW2=44 dtex FW3=66 dtex FW4=110 dtex 
 
Figure 3.9 Experiment design 
The face side rarely uses the coarse fibre of 66 dtex and 110 dtex. Finer fibres are usually used on the 
face side, referred to as sheet side, the side in direct contact with the FC product. However, the 
experiment used these to produce more data points. The back side, or machine side, is in direct 
Fibre selection 
Four fibres of different densities 
 
        F1=27 dtex    F2=44 dtex 
F3=66 dtex    F4=110 dtex 
 
   
 
Woven base selection 
 
One standard woven base (WB) fabric 
for each needling sequence 
 
WB1   WB2   WB3   WB4 
  
 
   
 
Fibre to web, all at 180g/m
2
  
 
Face side, two layers of 180 g/m
2
, + back side, 1 layer of 180 g/m
2
 
Total web applied to each section: 540 g/cm
2
 
Needling Sequence 1 
(NS1)  
Woven Base 1 (WB1) 
10 web combinations 
10 Sections (S) 
  
S1. FW1 / FW1 
S2. FW1 / FW2 
S3. FW2 / FW2 
S4. FW2 / FW3 
S5. FW1 / FW3 
S6. FW3 / FW3 
S7. FW3 / FW4 
S8. FW4 / FW4 
S9. FW3 / FW4 
 S10. FW1 / FW4 
Needling Sequence 2 
(NS2) 
Woven Base 2 (WB2) 
10 web combinations 
10 Sections (S) 
 
S1. FW1 / FW1 
S2. FW1 / FW2 
S3. FW2 / FW2 
S4. FW2 / FW3 
S5. FW1 / FW3 
S6. FW3 / FW3 
S7. FW3 / FW4 
S8. FW4 / FW4 
S9. FW3 / FW4 
 S10. FW1 / FW4 
Needling Sequence 3 
(NS3) 
Woven Base 3 (WB3) 
10 web combinations 
10 Sections (S) 
 
S1. FW1 / FW1 
S2. FW1 / FW2 
S3. FW2 / FW2 
S4. FW2 / FW3 
S5. FW1 / FW3 
S6. FW3 / FW3 
S7. FW3 / FW4 
S8. FW4 / FW4 
S9. FW3 / FW4 
 S10. FW1 / FW4 
Needling Sequence 4 
(NS4) 
Woven Base 4 (WB4) 
10 web combinations 
8 Sections (S) 
 
  
S1 FW1 / FW3 
S2 FW1 / FW3 
S3 FW1 / FW3 
S4 FW1 / FW3 
S5 FW1 / FW3 
S6 FW1 / FW3 
S7 FW1 / FW3 
S8 FW1 / FW3 
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contact with the machine and more prone to wear by the machine rollers. Consequently, coarser fibres 
are normally selected for the back side for improved abrasion resistance and durability for the FCF.  
Table 3.17 shows the woven base marking. It was manufactured as 30m long and 2m wide for 
Needling Sequence 1 (NS1), Needling Sequence 2 (NS2) and Needling Sequence 3 (NS3). The 
researcher marked each of the 10 sections to identify the placement of the 10 web layering 
combinations on the woven base (see Table 3.17). Once the web combination was applied to the base, 
it was needled and cut into smaller samples, marked A, B, C, D, and E for laboratory testing.  
The researcher prepared smaller samples, approx 40 cm wide and 2m long, for the test equipment. All 
of the smaller samples were tested for air permeability, weight, and thickness. The researcher cut 
sample A into five samples for abrasion testing. In addition, sample E was tested on the simulation 
mini press equipment. The web combinations were arranged, as shown in Table 3.18, to reduce the 
amount of fibre waste and save time between changing webs.  
Table 3.17 Woven base marking sections and samples for laboratory testing 
Woven base markup—10 sections (S1–S10) for the 10 
web layering combinations 
 
 
                                       S5            S6 
             
                            
              S4                                                               S7 
 
 
 
             S3                                                                S8 
 
                   S2                                                 S9 
 
                                     S1                S10 
 
 
 
30m entire flat woven base fabric  
 
A 2m sample (S1) from the 10 sections divided 
into A–E for laboratory testing 
(S1) 2m 
 
 
 
 
 
 
 
 
 
A 
0.40m 
 
 
 
 
 
 
 
 
 
B 
0.40m 
 
 
 
 
 
 
 
 
 
C 
0.40m 
 
 
 
 
 
 
 
 
 
D 
0.40m 
 
 
 
 
 
 
 
 
 
E 
0.40m 
 
 
The experiment applied the back-side web first and needled as shown starting from Section 1 (S1) 3m 
of 27 dtex, 6m of 44 dtex for S2 and S3, 6m of 66 dtex for S4 and S5, and 12m of 110 dtex for S7–10. 
The back-side web was applied and needled first, and then the face-side web was applied. To reduce 
the amount of changes per web, it was easier to needle a few sections at the same time. 
d
d
 
 
3  m 
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Table 3.18 Base sections and web combinations 
Web 
arrangements 
Base sections and web combinations 
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
Face web (dtex) 
2 x (180 g/m
2
) 
27 27 44 44 27 66 66 110 44 27 
Back web (dtex)  
(180 g/m
2
) 
27 44 44 66 66 66 110 110 110 110 
 
Once the researcher had applied 66 dtex web for S6 and S7, 110 dtex was applied on S8 and 44 dtex 
on S9 and S10. The researcher then turned the base and repeated the process twice for the face-side 
web, as two layers of web were applied. Once finished with the required web, the needling continued 
as per the NS. Table 3.19 illustrates the standard sample structure.  
Manufacturers most commonly use 27 dtex on the face side, followed by 44 dtex. Generally, they do 
not use 66 dtex and 110 dtex commercially on the face side, as mentioned earlier. However, this 
research utilised these combinations. 
It was important to test each of the samples so as to get a range of results to observe any variations 
across the bases from A to E. The experiment kept all the sections separate, and the overlapping of 
web that occurred on some sections was marked to avoid discrepancies in results. The samples were 
not tested too close to the sides of the woven base structure as this would have created variation in the 
results. The web applied can be heavier on the edges due to web overlapping during web formation.  
Each of the four bases had a separate needling sequence. The research selected the NS based on the 
frequency of usage at AIA Gosford‘s external customers. The following pages outline the NS.   
Table 3.19 Summary of sample structures, with base 1 using NS1, base 2 using NS2, & base 3 using NS3 
A sample structure cross sectional view 
Fibre 
(dtex) 
 
 
Web 
side 
Total 
web 
weight 
g/cm
2
 
Web combinations  
 
Face web, 2 layers, total 360g/cm
2
 
 
 
 
 
 
 
 
 
Back web, 1 layer, total 180 g/m
2
 
                                          
27 
face 
540 
27/27 27/27 27/27 27/27 
back 27 44 66 110 
          n5           n5          n5          n5 
44 
face 
540 
44/44 44/44 44/44   
  back 44 66 110 
          n5            n5         n5 
66 
face 
540 
66/66 66/66   
  back 66 110 
           n5          n5 
110 
face 
540 
110/110   
n5   Total=  50 Samples   back 110 
 
The changes to NS are the number of steps in each sequence, the depth of needle penetration (mm) 
 
 
 
Extra yarn applied to the back side of the 
woven base 
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and the needling density, or punches per centimetre squared (pn/cm
2
). There are also a number of 
needling factors to consider which are described in detail later on.  
The Needling Sequence (NS) used for FC is designed to acquire sufficient bonding through each pass 
to bond the fibres to the base. As mentioned earlier, the surface finish is important for the application 
and for strength. All three woven bases start with 180 g/m
2
 web, which applied in the first step to the 
back of the base, at a needle penetration depth of 12 mm and 30 pn/cm
2
 .This is a common 
mechanical bonding sequence used for the first step. Figure 3.10 shows the web application. Each 
base was marked into sections and then the web was applied to the sections.  
 
Figure 3.10 Application of web on needle loom 
Each of the Needling Sequences is shown in detail on the following pages. Table 3.20 below shows 
NS1. The depth is 67 mm and the density is 400 pn/cm
2
.  
Table 3.20 Needling sequence 1 (NS1) 
NS1: Base 1: Needle Type 55 Tension 1.52 kN/m 
Step Face Back Web 
Weight 
(g/m
2
) 
Depth of needle 
penetration (mm) 
Needling density 
(pn/cm
2
) 
1   web apply 180 12 30 
2   pass     9 62 
3 web   apply 180 6 46 
4 web   apply 180 9 46 
5 pass       9 62 
6 pass       9 54 
7  pass     4 54 
8 pass        9 46 
Total 540 67 400 
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Step 1 applies web to the base, but step 2 does not as it is only a needling pass. Step 3 and Step 4 
follow for the face side, with a constant needle penetration of 6 and 9 mm and 46 pn /cm
2
. Step 5 and 
6 follow that with a repeated needle penetration of 9 mm and a needling density of 62 and 54 pn/cm
2
. 
. 
In step 7, a needling pass is applied to the back at a depth of 4 mm and 54 pn/cm
2
. NS1 is complete in 
Step 8 at 9 mm and 46 pn/cm
2
 for a total depth of 67 mm and 400 pn/cm
2
. 
As Table 3.21 shows, NS2 starts the same as NS1 Step 1; however, NS2 has seven steps. The 
needling penetration depth is lower in Step 2, at 12 mm, though the density is the same as for NS1 
step 5. This experiment again applied web to the face on steps 3 and 4 with the same depth and 
density as NS1. On the back, NS2 finishes with all the needling passes applied to the face, the depth 
remaining constant at 9 mm and needling densities at 62 and 54 pn/cm
2
. NS2 ends with a total depth 
of 66 mm and density of 354 pn/cm
2
; only slightly less than in NS1. 
Table 3.21 Needling sequence 2 (NS2) 
NS2: Base 2: Needle type 55 tension 1.52 kN/m 
Step Face Back Web Weight (g/m
2
) Depth (mm) Density (pn/cm
2
) 
1   web apply 180 12 30 
2   pass     12 62 
3 web   apply 180 6 46 
4 web   apply 180 9 46 
5 pass       9 62 
6 pass       9 54 
7 pass      9 54 
X x    X X 
Total 540 66 354 
 
In Table 3.22 below is NS3, which begins at the same depth of 12 mm and density of 30 pn/cm
2
 when 
the first layer of back-side web is applied. Step 2 of NS3 uses a depth of 9 mm and a density of 46 
pn/cm
2
. Web is again applied to the face in steps 3 and 4, using the same 30 pn/cm
2
 and a depth 
varying between 9 mm and 12 mm. The depth does not change throughout the rest of the steps for 
NS3, staying constant at 9 mm. The density changes in step 5 to 54p/cm
2
.  
This study chose these NS as they are the most common sequences used at the AIA site. The needling 
sequences have slight variations between each other. These are summarised in Table 3.24. By 
comparison, NS3 has the highest total depth at 78 mm, but the lowest total density at 328 pn/cm2. The 
total difference in depth between NS1 and NS2 is only 1 mm, although the total difference in density 
between NS1 and NS2 is 46 pn/cm2. The difference in density between NS1 and NS3 is 72 pn/cm2, and 
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the difference between NS2 and NS3 is 26 pn/cm2. This may result in differences between each tested 
sample.   
Table 3.22 Needling sequence 3 (NS3) 
NS3: Base 3 Needle type 55 tension 1.52 kN/m 
Step Face Back Web Weight (g/m
2
) Depth (mm) Density (pn/cm
2
) 
1   web apply 180 12 30 
2   pass     9 46 
3 web   apply 180 12 30 
4 web   apply 180 9 30 
5 pass       9 54 
6 pass       9 46 
7  pass     9 46 
8 pass       9 46 
Total 540 78 328 
 
Table 3.23 Summary of all needling sequences 
Summary of needling sequences 
Needling sequence  Depth (mm) Density (pn/cm
2
) 
NS1 total 67 400  
NS2 total 66  354 
NS3 total 78  328 
 
In addition to researching the effects of the 3 NS, the influence of density and depth were further 
tested by removing the last step to limit the total amount of density and depth. Table 3.24 below 
illustrates the sample construction. The experiment used two layers of 180 g/m
2
 of 27 dtex on the 
face, and one layer of 180 g/m
2
 of 66 dtex fibre on back. For this part of the experiment, there were no 
variations to the web combinations, as the intention was to evaluate the effects of depth and density 
only.  
Table 3.24 Sample structure for base 4 using selected needling sequences  
Sample structure cross sectional view 
Fibre 
(dtex) 
Web 
side 
Weight 
(g/m2) 
Web Combination 
Face Web, two layers total 360 g/cm
2
 
 
 
 
 
Back web, one layer 180 g/m
2
 
27 face  
540 
 
 
27/27 
66 back 
 
66 
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For the trial, the 66 dtex back fibre was applied uniformly. Once the back fibre was applied, the base 
was turned and the 27 dtex fibre was applied to the face side, with one layer applied and needled 
before the second layer was applied. The experiment applied different NS for each section.  
Table 3.25 shows the woven base markings for this experiment. The woven base fabric was kept the 
same as that for previous samples. However, for this trial, only 8 sections were required, so the woven 
base produced for this was 24m long and 2m wide. 
Table 3.25 Woven base 4 marking sections and samples for laboratory testing 
 
The woven base markup of the 8 sections for the 
8 web combinations 
 
 
 
 
Samples from 8 sections for laboratoy 
testing 
 
 
 
 
 
                                      S4            S5 
         
                            
              S3                                                            S6 
 
 
 
              S2                                                              S7 
 
 
 
                                       S1                S8 
 
 
24m  
 
2m 
 
 
 
 
 
 
 
 
A 
0.40m 
 
 
 
 
 
 
 
 
 
B 
0.40m 
 
 
 
 
 
 
 
 
 
C 
0.40m 
 
 
 
 
 
 
 
 
 
D 
0.40m 
 
 
 
 
 
 
 
 
 
E 
0.40m 
 
 
The tests arranged the samples in the same way as before and marked pieces A, B, C, D, and E, each 
approximately 40 cm wide and 3m long; the length and width required to fit them into the testing 
equipment. All of the smaller samples were tested for air permeability, weight per unit area, and 
thickness. Strip A was cut into five samples for abrasion testing. There were no samples tested on the 
mini press due to time restrictions and testing equipment availability.  
Table 3.26 shows the details of the needling sequences used. The researcher selected the needling 
depth and density based on those most commonly used in the commercial environment. For S2, S4, 
S6, and S8, step 7 was removed, so the total depth of needling penetration and density was calculated 
before and after the removal of step 7. 
 
3 m 
d
d
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During needling, the needles leave the woven base when it rotates to the next marked section, missing 
the even numbered sections. S1 kept the depth of needling penetration constant at 9 mm for a total of 
72 mm. The density varied, finishing at 400 pn/cm
2
. In S2, step 7 was removed, so the total depth 
finished at 63 mm at a density of 346 pn/cm
2
. In S3, the depth was kept constant at 12 mm, deeper 
than in S1, but the total density ended at 400 pn/cm
2
. With step 7 out of S4, the depth finished at 84 
mm with a total needling density of 346 pn/cm
2
.  
Table 3.26 Total needling depth and density applied to each section of the FCF samples  
Depth vs Density  
Section Section 1 Section 3 Section 5 Section 7 
step face back web 
weight 
(g/cm
2
) 
depth 
(mm) 
density 
(pn/cm
2
) 
depth 
(mm) 
density 
(pn/cm
2
) 
depth 
(mm) 
density 
(pn/cm
2
) 
depth 
(mm) 
density 
(pn/cm
2
) 
1  web 66 180 9 30 12 30 12 30 12 54 
2  dry   9 62 12 62 9 30 9 54 
3 web  27 180 9 46 12 46 6 30 6 54 
4 web  27 180 9 46 12 46 9 30 9 54 
5 dry    9 62 12 62 9 30 9 54 
6 dry    9 54 12 54 9 30 9 54 
7  dry   9 54 12 54 4 30 4 54 
8 dry    9 46 12 46 9 30 9 54 
Total Before  540 72 400 96 400 67 240 67 432 
Removal of step 7  Section 2 Section 4 Section 6 Section 8 
Total After  540 63 346 84 346 58 210 58 378 
 
The researcher changed the NS in S5, S6, S7 and S8 by keeping the density constant and varying the 
depth. In S5, density was kept at 30 pn/cm
2
, applying a total of 240 pn/cm
2
. Without step 7, S6 had a 
total of density of 210 pn /cm
2
 and a total depth 58 mm. In S7, the experiment increased the density to 
54 pn/cm
2
 for a total of 432. Again without step 7, S8 had a total depth of 58 mm and total density of 
378 pn /cm
2
. Testing all the samples should reveal differences between the samples, which should be 
reflected on the results for total thickness, air permeability and fibre shedding. Once the FCF base was 
complete for each NS, the samples were cut and left in a conditioned laboratory for testing. 
3.3 Raw materials used 
The raw materials used were polypropylene and polyamide fibres and yarns. These polymers have the 
required physical and chemical properties for the intended application.  
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3.3.1 Fibres selected  
For the polyamide fibres, Table 3.27 shows the finer fibre properties used and Table 3.28 shows the 
coarser fibres used. Polyamide and polypropylene blends are used for their high tenacity and 
durability, their relatively low cost and their availability. 
Table 3.27 Properties of the fine fibres selected (Invista 2007) 
Description Polyamide 6.6 staple fibre 27 dtex Polyamide 6.6 staple fibre 44 dtex 
Property unit Avg Min Max s. deviation Avg Min Max s. deviation 
Tenacity cN/dtex 4.81 4.55 5.01 0.16 4.26 3.96 4.64 0.23 
Elongation % 83.8 79.3 90.7 4.6 101.9 87.7 117.7 7.6 
Denier dtex 25.9 25.3 27.1 0.66 43.8 41.9 46.2 1.47 
Crimp per 10 cm 23.1 22.5 23.5 0.4 21.5 17.4 24.6 1.8 
Moisture % 5.32 4.82 5.93 0.42 6.22 5.19 7.27 0.54 
Shrinkage % 4.20 3.60 4.74 0.39 4.43 3.31 5.7 0.7 
Staple length mm 76 74 79 - 76 74 79 - 
 
The face side of the felt uses finer dtex fibres as it requires an even surface and uniform finish. 
Coarser fibres are suitable for the back side toward the machine as they have better resistance to 
abrasion over long periods and better drainage (AI 2000).  
Table 3.28 Properties of the coarse fibres selected (Invista 2007) 
Description  Polyamide 6.6 staple fibre 66 dtex Polyamide 6.6 staple fibre 110 dtex 
Property  Unit Avg Min Max s. deviation Avg Min Max s. deviation 
Tenacity cN/dtex 3.80 3.36 4.06 0.20 4.33 3.85 4.79 0.30 
Elongation % 125.6 109.5 143.8 10.1 123.1 107 135.5 9.2 
Denier dtex 65.4 63.9 67.2 0.87 111.7 106.4 117.7 2.72 
Crimp per 10 cm 21.9 16.1 24.7 2.4 13.1 9.49 16.34 0.42 
Moisture % 6.35 5.45 7.25 0.57 5.19 4.22 6.01 0.60 
Shrinkage % 2.38 1.18 4.12 0.77 5.36 4.11 6.41 0.71 
Staple length mm 76 74 79 - 76 73.7 129.5 - 
 
Table 3.29 outlines the relationship between fibre diameter and relative surface area. Relative surface 
area outlines the difference between the four fibre diameters as a ratio. As an example the 27 dtex 
fibre is 4.1mm
2
 the area.  The density of the FCF is also affected by the raw materials.  
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Table 3.29 Relationship between each of the four fibres selected  
Dtex Diameter (mm) Relative diameter (mm) Surface area (mm
2
) 
27 0.19 1:1 0.28 
44 0.24 1.2 0.57 
66 0.29 1.5 0.06 
110 0.38 2.0 0.11 
 
Air permeability is affected by the amount of space between fibres (fibre surface) and how close 
together the fibres are. Finer fibres create a smooth surface and are more compact so the voids 
between the fibres are smaller. Larger fibre diameters have larger voids. 
3.3.2 Yarns selected  
The yarns used for the production of FCF woven base fabric are polypropylene, polyamide or a 
combination of both, as outlined in Table 3.30. The physical and chemical properties of these 
polymers make them ideal for the FCM application. 
Table 3.30 Yarn selection for FCF  
 
The process of manufacturing polyamide yarn, a synthetic yarn, affects the overall characteristics. The 
polymerisation of polyamide is a reaction to high pressure and melt spinning. The filaments are 
extruded out through various spinnerets and cooled down to stabilise the link, creating the required 
specifications for monofilament yarns.  
Polyamide-derived yarns have a high tensile strength, abrasion resistance and high melting point as it 
is a highly crystalline polymer. These properties create a yarn which is are strong, excellent 
performance and is readily available at a relatively low cost. In the application of FCF as a central 
woven product, they assist in filtration to maintain the cement particles and draw out any excess water 
during manufacturing.  
In general, the filtration process (Purchas& Sutherland 2002) reveals the performance characteristics. 
The performance characteristics selected for yarn (refer Table 3.10) are comparable to those of FCF. 
For example, the flow, which is a combination of porosity and air permeability, is influenced by 
Yarn Type Yarn Description Ply dtex Weft(mm)  Warp (mm) 
Monofilament 
Plied Monofilament  
Multifilament  
Plied Multifilament  
One continuous filament 
Monofilaments twisted together 
Composed of filaments within a yarn 
A number of multifilament yarns plied 
1 
2x3 
1 
2x3 
1.4 
8.4 
2.0 
12 
0.20 
0.20 
0.10 
0.10 
0.40 
0.40 
0.10 
0.10 
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choice of yarn. The yarn type that provides the best resistance to flow is a monofilament of a small 
diameter, which is what this research uses. However, as with the design of any textile product, there 
must be a compromise. The worst for wear resistance is small diameter yarn, as it will wear away 
much faster than a large diameter yarn. Therefore, heavy yarns are applied to the wear side of the 
woven base fabric to improve the durability of the FCF product.  
Selecting raw materials with the least tendency to blind or fill up is a key design concern, impacting 
the maximum life of an FCF. The yarn selected for this trial best reflects the requirements of FCM 
applications. They are durable and, when used in the woven base fabric, still pliable, and they will 
conform to the shape required for FCM. Fill up or blinding occurs when the fabric fills up with 
product and becomes impermeable. It affects performance and fabric life (Purchas& Sutherland 
2002). Therefore selecting a range of yarns is central to obtaining the best performance for a FCF, and 
helps in understanding what the influences are of each process.  
3.4 Manufacturing equipment used  
This section covers the manufacturing equipment used for processing the fibres and yarn that 
produced the samples for this research. For manufacturing the FCF samples the following equipment 
was used : 
 Dilo Temafa opening and blending line for all the selected fibre types  
 Dilo web line, to convert the 27dtex fibres into 180 g/m2 carded web  
 Tehnotex to convert the 44 dtex,66 dtex, and 110dtex into 180 g/m2 carded web 
 Sulzer weaving loom, to produce the woven base for the central structure of the FCF 
 Hunter needle loom, to consolidate the carded web combinations to the woven base fabric to 
complete the FCF samples for the experiment.  
For test equipment, this study used: 
 Albany International felt scanner 
 Taber abrasion device  
 Frazier air permeability tester  
 Mini press (the simulation machine).  
The following pages cover all of this equipment in detail. 
3.4.1 Fibre to web processing equipment  
Processing fibres into carded web is a complex practice and many studies are dedicated primarily to 
this area of research. This practical research refrained from manipulating this process, other than 
adjusting machine settings, in order to control the number of variables for analysis.  
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The Dilo Temafa performed the opening and blending for the four fibre types. The process is required 
to separate the fibres, which were compacted in bales on arrival. Fibres are fed and carried through 
into opening and blending lines. They then travel through to an auto-mix system. A volumetric scale 
weighs the amount of fibre going through the auto mix system. This process lofts and blends fibres. It 
is repeated several times. Once it is completed, an inclined spiked apron transfers fibres into the 
carding zone.  Figure 3.11 is an illustration of the fibre processing line. The first is opening and 
blending; the second is carding; and the third is cross lapping and pre-needling. 
Fibre to Web Forming Process  Main Stages of Fibre to Web Processing 
 
 
 
 
 
 
 
 
 
Stage Equipment  
1 
Opening and Blending Line  
Unprocessed and unaligned fibres 
are opened and blended, then 
prepared for carding 
 
2 
Carding Zone 
The fibres are aligned, combed 
and separated into fine layers for 
cross lapping 
3 
Cross Lapping and Pre-Needling 
Fibres are air-laid in layers to form 
a web of 180 g/m2 and are lightly 
pre needled, and then rolled up till 
required for use. 
Figure 3.11 Fibre to web processing 
As fibres Travel through the blending system into the carding zone orientates and separates the fibres. 
In the carding zone, a weighed amount of fibre travels into the carding system, which opens and 
orientates fibres to create a uniform web. The fibres are then carried along the main cylinder where 
strippers and workers separate entangled fibres. This creates a uniform and consistent carded web 
suitable for layering onto the woven base for the FCF.  
The carding process is an important part of forming a fine cohesive layer of fibre distribution and a 
uniformly orientated web. Various functions and wire arrangements on each cylinder perform this. 
They work in opposite motions, striping against each other off the main cylinder.  
The uniform product then moves on to the web bonding stage. The size of the rolls, the speed, the 
distance from one roller to the other and the carding wire specifications all have an effect on the web 
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formation. The machines have a controlled setting developed for processing each diameter of fibre, 
which is adjusted as required.  
Although equipment can have different sizes of rollers, barbs and the roll setups, the main purpose of 
the carding, web forming and layering is to orientate and evenly distribute fibres. The speeds within 
the cards are often adjusted to achieve the desired web and to achieve different properties of web.  
Once the fibres are through the carding zone, they are transferred to cross lapping and pre-needling 
stage. Fine layers of fibres are cross-lapped to form the web uniformly. Eliminating patchy areas of 
web is important for the final FCF product. Layers are crossed over the length and width for 
consistency and strength. The edges of the web are slightly heavier than the middle section due to the 
lapping; therefore, approximately 15 cm of the edge are cut out and recycled through the web forming 
process.  
In practise at Albany International once the fibre is opened and blended the fibre is then air 
transported to either the Dilo or Technotex web processing line. The Dilo web line processed the 27 
dtex, this is due to the nature of the internal smaller carding and laying system of the processing line.  
For finer fibre such as  27dtex Dilo is utilised as the machine has been arranged so that the carding 
teeth are finer and the distance between the carding rollers closer. This also improves efficiency of 
machine, utilisation and quality of carded 27dtex web. The Technotex processed the coarser fibres of 
44 dtex, 66 dtex and 110 dtex  
The web is formed at a specified weight of 180 g/m
2
. The pre needling tacks the web together for use. 
Defects can occur in the web forming if the lapping settings are incorrect, which can cause heavy 
areas of web that appear on the surface as a cross over pattern. The FCF requires a web of even 
uniformity and weight, as variations in the web will be reflected on the product when needling 
consolidates the web into woven base fabric. Once the web is produced, it is rolled up onto a pipe 
until required. The woven base fabric and carded web are then needled together to form the complete 
FCF for experimentation. The web provides the surface properties for the FCF; it enhances the 
uniformity, air permeability and thickness.  
3.4.2 Weaving loom 
Weaving equipment created the woven base (WB1-WB4) fabric for the FCF. The warp yarn used was 
0.40 mm polyamide and the weft was 0.20 mm polyamide yarns. The base weight was 320 g/cm2 m, 
using a plain weave construction. Additional polyamide 12.9 dtex, 3x5 plied multifilament yarns 
were applied to the base with the adhesive method for added strength (see figure 12). The woven base 
had additional polypropylene yarns applied to the warp direction of the base on the back side; this is 
to provide resistance against wear and also assist in the drainage. 
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The additional yarns were applied as 10 yarns per 10 cm from a glue head nozzle over the 2m wide 
base. Approximately 200 yarns were applied and left to dry over night. The yarns were applied with a 
special adhesive which does not affect the needles during processing or break apart during the 
needling stage. This concept is new and a patent on the product is being discussed. Incorporating two 
technologies and modifying equipment is a valuable method of enhancing the properties of a 
traditional woven base. 
Knowing the specific dimensions of the FCM is important, as it facilitates weaving the correct 
lengths and widths on the weaving machine which reduces the amount of woven waste. The weave 
pattern affects the uniformity, or surface smoothness. A satin-style weave offers smoothness; 
however, the long floats provide the lowest resistance to fabric life. Although in FCF the woven base 
fabric is not functional as a product on its own, the fibre cement sheets produced from a base made 
with only yarns would create a prominent corrugated surface. 
Figure 3.12 below shows the specifications. To make the required length to fit the FCM, the two ends 
are welded together to form a loop. 
Type Min 
width(m) 
Max 
width(m) 
Warp 
beams 
Harness 
capability 
Let-off 
motion 
Weft 
insertion 
Speed 
(picks per min) 
Sulzer 3.00 3.90 1 8+2 Positive projectile 320 ppm 
A. Weaving machine  
 
B. Woven base 
 
Nozzle head and additional yarn  
 
 
 
 
 
 
 
       Warp Direction                            Weft  Direction  
 
Figure 3.12 Weaving machine and woven base fabric 
A combination of the yarns and the weave pattern affects the air permeability and porosity of woven 
cloths. Although the base is not used exclusively for the application of FCF, producers must still 
consider the woven fabric design for performance qualities. Once the woven base is complete, 
manufacturer applies the selected web by a specific needling sequence to finish the FCF. 
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3.4.3 Needle loom  
The basic operation of the needle loom involves the needle board moving vertically. Each movement 
guides the needles through the web and woven base fabric to needle the bed holes for fibre 
entanglement.  
Accurate monitoring of the needle loom requires measuring the tension applied to the woven base 
fabric, the number of Needle Boards (NB), the position of the NB, the actual needles, and the 
configuration of the NB. The main mechanics and capacity of the needle loom utilized for the 
experiment are shown in Figure 3.13. 
Loom 
type 
Max 
width(m) 
Min 
length(m) 
Max 
length(m)  
Num of 
needles 
per row 
Needles  
per lin/m 
Max 
tension 
k/N 
Strokes 
(per min) 
Hunter 9.6 9.5 36 17  1339 4000/20 275 
Needle loom (EDANA) 
 
Barbed felting needle ( Kamath 2004) 
 
 
 
 
 
 
 
 
 
Figure 3.13 Needle loom specifications 
The needling density is a calculated control, as depth is specified simultaneously to achieve the 
required amount of bonding without damaging the fibres. The needling density is a complex factor 
that depends on the controls below. The researcher monitored these during the production of the 
experimental samples: 
The needling density was calculated by ND=[n*F]/[V*W], where 
 n=number of needles within a needle board 
 F=frequency of needling 
 V=rate of material feed 
 W=effective width of the needle board 
The needling depth, needling density and needle type influence the thickness and density of an FCF. 
The standard needles used in felting would not be suitable to penetrate the base and interlock fibres to 
the base structure.  
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The woven base may also shrink and compress by around 10–30% during the processing of FCF, 
therefore the size designed needs to allow for shrinkage.  
The needling density also affects the transfer of fibres from the base to the surface. For a standard 
nonwoven product, the fibres from the back can transfer to the front. This is due to the motion of the 
needle through the base when interlocking fibres together. For FCF production, an excessive amount 
of back fibre cannot transfer to the surface as it can affect the smoothness of the FCS.  
3.5. Laboratory test equipment used  
To test the samples for their properties and characteristics, this study used AIA-engineered lab 
scanner equipment to test air permeability, weight and thickness. The samples were placed into the lab 
scanner, which used three gauges. The test results on the lab scanner were consistent for weight and 
thickness but showed discrepancies for air permeability. They were tested again using Frasier air 
permeability equipment. Table 3.31 outlines all of the tests required.  
Table 3.31 Required FCF testing 
Required Test Unit Equipment 
Weight per unit area g/cm
2
 
AIA Lab Scanner, 
internal technology 
Thickness Mm 
AIA Lab Scanner, 
internal technology 
Air permeability cfm Frasier Air Permeability 
Abrasion (fibre loss) G Taber Abrasion 
Application g/m
2
 
Simulation mini press, 
internal technology 
 
The inaccurate results of the lab scanner were due to the woven base fabric construction. The 
corrugation of the yarns in the base structure was causing an excessive amount of air to escape 
through the sides of the gauge.  
3.5.1 Test methods  
For the tests, the researcher placed the samples in a conditioned room for 24hr prior to testing. All the 
test methods use AIA standards. These are incorporated into the quality control systems as a method 
to control and monitor the quality of FCF. On Table 3.32 is a description of the test method used.  
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Table 3.32 FCF tests (AIA Internal) 
AIA internal FCF test 
 
Description of test method 
 
Lab scanner for mass per unit area (g/cm
2
) 
Samples for the AIA lab scanner were required to be 
cut into strips 40cm wide and 3m long to fit into the 
testing equipment. Three separate test gauges 
rested on the FCF as it was fed through the machine 
from one end to the other. The lab scanner tested 
each sample for thickness and weight. This provided 
a range of 100 points of data across the sample, 
which were averaged out to 5 data points.  
Lab scanner for thickness (mm) 
Frazier for air permeability (cfm) 
The Frazier instrument tested fabric air permeability 
of the cfm. per sq ft of FCF sample area. Strips of 
the FCF sample were taken and placed in an orifice, 
where a controlled air supply passed though them. 
The instrument tested each sample five times and 
recorded the data to get an average across the 
sections. 
Taber abrasion test for fibre loss (g) 
Samples were cut into circles and weighed, then 
placed into the abrasion tester with 5g weights on 
top. The weights spun around the sample for 500 rev 
at 100 rev/per minute. This was selected specifically 
for the FCF for this trial. Once the 500 revs were 
complete, the researcher analysed the samples 
visually to observe the changes in surface area, and 
weighed them to determine fibre loss. 
Mini press for fibre loss (g/m
2
) 
The mini press test shows the fibre loss and run ability 
of the FCF samples. The samples were cut into 1m by 
1m strips and sewn together to form a loop. The fabric 
was positioned onto the machine to act as a belt, just 
as FCF would operate in FCM. A mixer of slurry was 
put through the machine onto the FCF, circulating 
through the machine until the FCF sample deteriorated 
beyond use. Each sample of the 10 combinations was 
tested five times to verify the results.  
Image analysis 
A microscope visually analysed the effects of each 
needling sequence and viewed fibre stratification. The 
research design required gathering results from 
analysis to answer the research questions.  
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3.4.4.6 Experiment analysis  
The researcher recorded, analysed and presented the data collected from the experiment as linear 
graphs to show the correlations between each sample. Each FCF web combination was tested and 
placed on different charts, which were then combined for analysis. 
Chapter 4: Results and Discussion  
The following shows the results of the FCF sample tests. They are presented as tables and figures. 
This study will split the results into two parts. The first is the physical parameters, which covers the 
influence of mass/unit area, thickness, and density. The second part covers the performance attributes 
of air permeability, abrasion resistance and fibre loss on a simulation FCM.  
4.1 The influence of needling sequence and web combination on physical parameters of FCF  
The results evaluate the physical parameters of the FCF samples. These physical parameters are 
influenced by the fibre diameters of the 10 web combinations and the needling sequences. The results 
for each of the 10 web combinations are visually represented on separate graphs showing face side 
and back side for each of the four fibre types.  
This chapter is a summary of the tests conducted on mass/unit area, thickness, and density. 
Throughout the experiments, the woven base fabric was kept consistent at 320 g/m
2 
and the ten 180 
g/m
2 
web combinations were applied to the woven base as outlined in chapter 2. This allowed the 
research to concentrate on each web combination independently, analyse the effects of each needling 
sequence and then combine the results to get an overall view of the differences between each FCF 
sample.  
4.1.1 Influence of needling sequence and web combination on mass/unit area of FCF   
The samples for the experiments all started with the same woven base construction of 320 g/m
2
. Fibre 
was converted into 180 g/m
2
 web for all the four fibre types, as described in chapter 2, for application 
onto the woven base.  
The results below in Figure 4.14 are for 27 dtex face web combinations and the application of the 
selected needling sequences. It is interesting to note that there is a decrease in the mass/unit area of 
the FCF samples with 66 dtex and 110 dtex on the back when using NS1 and NS2. Using NS3 on the 
samples yielded consistent results with the use of coarse or fine fibres on the back side. 
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Figure 4.14 Mass/unit area of all 27 dtex web combinations 
The finest fibre combination is 27/27. Using NS1 produced the heaviest FCF sample for mass/unit 
area at 1397 g/m
2
. The lightest mass/unit area overall between the web combinations and needling 
sequences was from using NS3. This could be due to fibre loss as a result of insufficient needling.  
There is also an unusual increase of mass/unit area of the FCF sample using NS2 between the 27/27 
WC and the 27/44 WC. This may be because using a 27/44 WC and applying NS2 leads to an 
increase of mass/unit area for the FCF sample. However, the test may also have measured, as no 
similar increase in mass/unit area occurred with the other FCF samples using the 27 dtex face-side 
web combinations. It is thought that using NS1 and finer fibres could create suitable results with 
minimal fibre loss and improved entanglement of fibres within the structure.  
Figure 4.15 shows the range of mass/unit area results of 27/27 WC for range of needling sequences. 
Using NS1 produced the heaviest FCF sample, with an average mass/unit area of 1400 g/m
2
. NS2 
produced the next heaviest FCF sample with an average of 1320 g/m
2
. Using NS3 and 27/27 WC 
provided the least mass/unit area range, varying almost 50% less than NS1. The mass/unit area range 
for 27/27 WC using NS3 is lowest in comparison to the other needling sequences. This could be a 
result of NS3 using inadequate needling, preventing web entanglement and leading to fibre loss. 
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Figure 4.15 Mass/unit area of all 27/27 dtex web combinations 
Figure 4.16 shows the mass/unit area for web combinations using 44dtex on the face side. The results 
indicate that the needling sequences applied produce FCF samples of a high, middle and low 
mass/unit area. Application of NS1 to the FCF samples produced a heavier sample starting at 44/44 
WC with decrease occurring as coarse fibres are applied to the back web side. Application of NS2 
there is a loss in mass/unit area using 44/66 WC and an increase by having 44/110 WC. The 44 dtex 
face-side web combinations using NS3 is producing the lowest mass/unit area results.  
 
Figure 4.16 Mass/unit area of all 44 dtex face-side web combinations 
These results show that, when coarse fibre is applied to the FCF sample, it becomes lighter in 
mass/unit area. However, this could indicate the influence of the needling sequences applied, as the 
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level of entanglement of the fibres may affect the mass/unit area. This also assumes that the 180 g/m
2
 
of webs used was consistent during web forming and the decrease in mass/unit area is due to fibre loss 
during the needling process.  
Figure 4.17 shows differences between using 27/44 WC and 44/44 WC. Using NS1, there is a 17% 
reduction in mass/unit area between 27/44 WC and 44/44 WC and using NS2 yields a reduction of 
20%. Using NS3 yielded only an 8% reduction in mass/unit area between 27/44 WC to 44/44 WC, 
though it had the lowest in both. The results indicate that the needling sequence is having an effect on 
the mass/unit area of the FCF samples.  
 
Figure 4.17 Mass/unit areas of all 44 dtex back-side web combinations 
Figure 4.18 shows the mass/unit area of FCF with 66 dtex web combinations on the face side in terms 
of the selected needling sequences. The mass/unit area of the FCF samples between 66/66 WC and 
66/110 WC is minimally different overall. However, there are visible differences between the 
needling sequences. For example, using NS1 results in the lowest mass/unit area of the needling 
sequences. FCF sample using NS2 had the highest mass/unit area for this web combination, followed 
by NS3. 
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Figure 4.18 Mass/unit area of all 66 dtex face-side web combinations 
The differences suggest that using NS2 maintains the highest the mass/unit area with higher dtex face 
web combinations. The results also suggest that the FCF samples using NS2 have increased fibre 
entanglement and therefore exhibit minimal fibre loss. Using NS1, there is a 10% reduction in 
mass/unit area between 66/66 WC to 66/110 WC while using NS2 on the FCF sample results in a 
reduction of 1% in mass/unit area with the 110 dtex back web. NS3 saw a 20% reduction in the 
mass/unit area between 66/66 WC to 66/110 WC. These differences highlight the influence of the 
needling sequence applied. 
Figure 4.19 presents the 66 dtex back-side web combinations, showing different mass/unit area for 
each FCF sample depending on the needling sequence applied. Using NS1 decreased the mass/unit 
area as the face-side web dtex increased. Having 66 dtex on the face side using NS2 on the FCF 
sample shows minimal change, as 66/66 WC is 1310 g/m
2
 and 66/110 WC is 1311 g/m
2
. The results 
using NS3 show a gradual increase in mass/unit area as the face fibre diameter is increased. The 
mass/unit area range for NS3 is the lightest, but a consistent increase occurs. On the other hand, for 
NS1, the mass/unit area ranges from 1375 g/m
2
 down to 1200 g/m
2
. The results suggest the variation 
in mass/unit area is a result of the needling sequences applied.  
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Figure 4.19 Mass/unit area of all 66 dtex back-side web combinations 
Figure 4.20 gives the results of 110 web combinations. The heavier fibres of 110/110 WC produced 
the lightest total mass/unit area overall of the FCF samples.  
 
Figure 4.20 Mass/unit area of 27/27 dtex face-side web combinations 
Figure 4.20 shows that the lightest mass/unit area of 110/110 WC is a result of minimal fibre 
entanglement occurring, especially when using NS1 and NS3. The loss of fibres during the selected 
needling sequences resulted in a lighter mass/unit area range for the FCF samples. The heavier web 
combinations were expected to produce the heaviest FCF samples.  
1000 
1020 
1040 
1060 
1080 
1100 
1120 
1140 
1160 
1180 
1200 
1220 
1240 
1260 
1280 
1300 
NS1  NS2 NS3 
110/110 Web combinations (dtex) 
M
a
s
s
/u
n
it
 a
re
a
 (
g
/m
2
) 
1100 
1150 
1200 
1250 
1300 
1350 
1400 
back 66 66 66 
face 27 44 66 
Web combinations (dtex) 
M
a
s
s
/u
n
it
 a
re
a
 (
g
/m
2
) 
NS1 
NS2 
NS3 
69 of 123 
The results in Figure 4.21 of applying 110 dtex coarse fibre on the back side show variation between 
each needling sequence and each web combination.  
 
Figure 4.21 Mass/unit area of all 110 dtex back-side web combinations 
Figure 4.22 below gives the mass/unit area for all the web combinations and needling sequences, 
sorted by face-side web dtex. Figure 4.23 sorts the same data by the back-side web combinations. 
 
Figure 4.22 Mass/unit area of all face-side web combinations and needling sequence applied 
All the web applied was at 180 g/m
2
. The resulting mass/unit area of the FCF samples suggest that the 
needling sequences are having more of an effect on the results than the web combinations. Mass/unit 
area results for NS2 shows the least change across the coarser web combinations. Using NS3 yielded 
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a relatively balanced range across all the web combinations. Consequently, it is ideal for a needling 
sequence such as NS3 to be utilised over a range of web combinations. The results for mass/unit area 
using NS3 indicate that 27 dtex and 44 dtex face side are all within a close mass/unit area range of 
1240–1260 g/m2. An increase to 1280 g/m2 in mass/unit area occurs when using 66/66 WC, but it 
decreases to 1135 g/m
2
 when using 110/110 WC.  
 
Figure 4.23 Mass/unit area of all back-side web combinations and needling sequences applied 
NS3 would appear to provide the most consistent level of needling across the web combinations, with 
the only significant decrease in mass/unit area occurring using 110/110 WC. Using NS1 results in a 
gradual decrease in mass/unit area as the back-side web dtex gets higher. The results start at the 
heaviest mass/unit area of any sample, at 1400 g/m
2
 with 27/27 WC.  
The 66 dtex fibre blends add variation to the FCF sample outcomes; this could be the result of a 
discrepancy in the carded web that was amplified by the needling sequence. For the mass/unit area to 
decrease, one of two things could have happened; either the amount of fibre in the webs decreased 
during web production or fibres were lost during needling. The low mass/unit area result occurring 
using 110/110 WC suggests that a low amount of fibre entanglement is occurring due to the needling 
sequence applied.  
The results of mass/unit area for each needling sequence and web combination are ranked from 
lightest to heaviest in Table 4.33 below. The 110/110 web combinations  ranked as having the lowest 
mass/unit area for two of the three needling sequences.  
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Table 4.33 Ranking of mass/unit area for all web combinations and needling sequences 
 
Rank 
WC & NS1 
Mass/unit 
area WC & NS2 
Mass/unit 
area WC & NS3 
Mass/unit 
area 
Face back (g/m
2
) face back (g/m
2
) Face back (g/m
2
) 
1 110 110 1118 27 110 1178 110 110 1135 
2 66 110 1188 44 66 1283 27 66 1245 
3 66 66 1199 110 110 1294 27 44 1247 
4 27 110 1204 44 110 1296 27 27 1249 
5 44 110 1313 44 44 1304 44 110 1248 
6 44 66 1341 66 66 1310 27 110 1250 
7 44 44 1362 66 110 1311 66 110 1253 
8 27 66 1370 27 66 1319 44 66 1255 
9 27 44 1386 27 27 1321 44 44 1258 
10 27 27 1397 27 44 1396 66 66 1279 
 
Table 4.34 shows the results by needling depth and density. They demonstrate that the removal of one 
step in a needling sequence (step 7) caused an increase in mass/unit area for the FCF samples (refer to 
chapter 2 on NS4). For S1 and S2, the removal of step 7 resulted in a difference of needling depth of 9 
mm and of needing density of 54 pn/cm
2
. This caused an increase of 42 g/m
2
 in the FCF sample, from 
1260 g/m
2
 to 1305 g/m
2
.  
Table 4.34 Outline of changes between the needling depth and density on the mass/unit area of FCF 
Sample 
Depth 
(mm) 
Density 
(pn/cm
2
) 
Mass/unit area 
(g/cm
2
) 
S1 72 400 1262 
S2 63 346 1304 
Difference S1–S2 9 54 42 
S3 96 400 1298 
S4 84 346 1321 
Difference S3–S4 12 54 23 
S5 67 240 1249 
S6 58 210 1259 
Difference S5–S6 9 30 10 
S7 67 432 1307 
S8 58 378 1339 
Difference S7–S8 9 54 32 
 
This increase in mass/unit area of the FCF from the removal of a step in the needling sequence 
suggests that the more needling that is applied, the greater the fibre loss is. This could be a result of 
more fibre damage occurring during the needling process when needling depth and density increase. 
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The same trend can be seen for other sequences. Between S3 and S4, removing step 7 results in a 
needling depth 12 mm lower and a needling density 54 pn/cm
2
 lower. This caused an increase of 23 
g/m
2
 in the mass/unit area of the FCF sample, from 1298 g/m
2
 to 1321 g/m
2
. 
S5 has a total depth of 67 mm and a total density of 240 pn/cm
2
. In S6, the total needling depth was 
58 mm and the total needling density was 210 pn/cm
2
. Between S5and S6 there is an increase of 10 
g/m
2
 area due to removing step 7.  
In S7, the mass/unit area increased by 32 g/m
2
 due to removing step 7. S7 and S8 saw the largest 
difference needling density, at 54 punches/cm
2
.  
Figure 4.25 illustrates the difference between the full needle sequences, with 8 steps, and the 
incomplete needling sequences, with one step missing. Although S1 and S2 and S7 and S8 have the 
same differences in needling depth and density, their weight differences are different by 10 g/m
2
. This 
could be because S7 and S8 have a higher mass/unit area range. S5 and S6 had the least needling 
depth and density applied, and, as a result, have the lowest mass/unit area.  
This confirms that the least needling density and depth results in the least fibre entanglement. As a 
result, more fibre loss occurs, as Figure 4.24 shows below. An increase of needling depth and density 
results in an increase of mass/unit area, due to more fibre entanglement occurring. However, fibre 
damage can also take place, which results in a loss of fibre and possibly a decrease in mass/unit area. 
The other factor to consider regarding mass/unit area is the amount of fibre lost through movement of 
the woven base and the fibrous web, as well as testing, which also could have had an influence on the 
final measured mass/unit area.  
 
 
 
 
 
 
 
 
Figure 4.24 Influences of needling depth and density on mass/unit area of FCF samples 
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The resulting mass/unit area suggest that the fibre combinations and needling sequences are having a 
significant effect. This confirms that the fibre properties had a strong influence on mass/unit area of 
the FCF samples. 
It is interesting that, although the experiment uses a heavier woven base structure than do standard 
nonwoven products, fundamentally, the results are similar to previous studies on the effects of 
needling parameters. They confirm that a decrease in total mass/unit area occurs due to a lack of fibre 
entanglement when using coarser fibres.  
4.1.2 Influence of needling sequence and web combination on the thickness of FCF 
The thickness is the distance from surface to surface of materials. This research tested thickness using 
lab scanning equipment.  
Thickness is an important physical parameter for the FCF. It has an effect on the physical properties 
of the FCF. Thickness is also related to compressibility and the handle of the FCF. It is dependent 
upon the properties of the fibre, yarn and needling applied to the FCF structure.  
The results in Figure 4.25 show the thickness of the 27 dtex face web combinations. It shows that, 
when the back fibre dtex increased, the thickness of the FCF samples varied. 
 
Figure 4.25 Thickness of all 27 dtex face-side web combinations 
Using NS1 results in a lower thickness range for the FCF samples, from 3.84 mm to 4.06 mm, the 
lowest thickness of all the web combinations and needling sequences. The FCF sample using NS2 
follows a similar trend to NS1, but it is at a higher range of thickness.  
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Applying NS3 results in the thickest FCF sample of all the web combinations. The results of NS3 on 
the 27 dtex web combination also have the least variation as the back web fibre gets coarser. The 
results show that an increase to coarser fibre on the back side causes an increase in the thickness of 
the FCF sample, with the exception of 27/110 WC for NS1 and NS2.  
The resulting thickness of the FCF sample when using NS3 on a 27/27 web combination is 5.18 mm. 
This increases to 5.36 mm with a 27/44 WC and 5.38 mm with a 27/66 WC. This shows that NS3 has 
the least consolidated FCF structure of all the different web combinations.  
The thicker results from NS3 could indicate that not enough needling has taken place, so the FCF 
sample is lofty and thicker. The results show that NS1 has a greater influence on the thickness of the 
FCF sample, as it is at a lower range than the other needling sequences. Using 27 dtex face web 
combinations and NS3 appears to produce a thicker FCF sample, as it can been seen that minimal 
change is occurring as the dtex of back web fibre increases. 
Figure 4.26 shows the results of the 27/27 WC. Figure 4.27 gives the web combinations using 44 dtex 
on the face and increasing the back fibres. 
 
Figure 4.26 Thickness of all 27/27 dtex back-side web combination 
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Figure 4.27 Thickness of all 44 dtex face-side web combinations 
The thickness of the FCF samples using NS1 is the lowest. The thickness of FCF using NS3 with 27 
dtex face web combinations is the highest and on average thicker than the FCF sample using NS1 by 
21%. The thickness of the FCF sample using NS1 across the web combinations is between 4.79 mm 
and 4.87 mm. The thickness of the FCF sample using NS2 across the web combinations is between 
5.49 mm and 5.64 mm. The thickness of the FCF sample by using NS3 across the web combination is 
between 5.76 mm and 5.98 mm.  
There is also a variation between the thicknesses of the FCF samples with the same needling sequence 
with different web combinations. It was expected that the thickness would rise with the increase of 
coarser fibres. With NS2, however, the results from 44/44 WC and 44/66 WC have a thickness of 5.49 
mm. The 44 dtex combinations are all within a close range; this could indicate a greater influence of 
the fibre than of the needling sequence applied. The resulting thickness of using NS1 is at a lower 
range, but, among the 44 dtex combinations, NS2 and NS3 are following a similar trend.  
Figure 4.28 shows a comparison between FCF samples using different needling sequences and web 
combinations. It is clear that the needling sequence has an influence on the thickness of FCF samples 
in both cases. The results show that, when using NS1, the thickness of FCF samples increases by 
around .35 mm for 44/44 WC over 27/44 WC. However, NS2 results decrease in thickness at 44/44 
WC compared to at 27/44 WC. FCF samples using NS3 also see an increase in thickness as a result of 
increasing the back fibre thickness, up to 5.76 mm with 44/44 WC. On the other hand, NS1 could be 
said to be providing adequate needling in comparison to NS3 as the FCF sample has consolidated.  
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Figure 4.28 Thickness of all 44 dtex back-side web combinations 
Figure 4.29 shows the results for all the needling sequences on face-side 66 dtex combinations. The 
results show that, with 66/66 WC, there is an increase in thickness over the sample with 110 dtex on 
the back side. The thickness of the FCF samples using NS1 resulted in the thinnest range, followed by 
NS2 and then NS3.  
All the FCF samples indicate a decrease in thickness as 110 back fibres are applied. However, there is 
a greater difference in thickness between results using NS1 than those using NS2 and NS3. This 
indicates that the needling sequence applied is having a greater effect on the thickness of the FCF 
samples with these web combinations, as the thickness of the FCF samples with the same web 
combinations shows different results for each of the needle sequences.  
 
Figure 4.29 Thickness of all 66 dtex face-side web combinations 
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Figure 4.30 shows the results of using 66 dtex on the back web. Using NS3, the samples are thicker 
than when applying NS1 and NS2. This would suggest that NS3 has the least amount of needling 
depth occurring, thus producing loftier samples. It seems therefore likely that the results are 
influenced by the depth and density of needling penetration. The 66 dtex back-side web results show 
that NS2 and NS3 FCF samples follow a similar trend in thickness. However, applying NS1 to the 
66/66 WC creates a much thinner sample, which suggests that adequate needling has occurred to 
consolidate the structure.  
 
Figure 4.30 Thickness of all 66 dtex back-side web combinations 
Figure 4.31 shows the resulting FCF sample thickness from using 110/110 WC on the face side. 
The graph shows that applying NS1 to the web combination produces the thinnest FCF sample with a 
narrow range. The resulting thickness from using NS2 and NS3 are within a similar, much higher 
range. The results again highlight that NS1 produces FCF samples in a lower thickness range, whilst 
using NS2 and NS3 produce FCF samples of a similar higher range.  
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Figure 4.31 Thickness of all 110/110 dtex face-side web combinations 
The resulting thickness of having 110 dtex fibres on the back side can be seen in Figure 4.32. The 
results show that the NS1 FCF samples are at a lower range in comparison to NS2 and NS3.  
Overall, all the needling sequences followed a similar pattern. As the use of coarse fibre increased, so 
too did the thickness of the FCF samples, though 66/110 WC was an exception. This increase could 
be due to needling sequences not consolidating the woven base fabric and the coarser web 
combinations together.  
 
Figure 4.32 Thickness of all 110 back-side web combinations 
Figure 4.33 outlines the results of the needling sequences and all face-side web combinations. It shows that 
there is a difference in thickness due to applying different needling sequences to the FCF samples. The 
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results suggest that using NS1 will produce the thinnest FCF sample, as the thickness ranges from 3.84 
mm to 5.30 mm. By contrast, NS2 produced a thickness varying from 4.25 mm to 6.84 mm and NS3 gave 
a thickness range from 5.18 mm to 7.12 mm. The results suggest that using NS1 provides the most web 
entanglement and consolidation for the FCF sample, followed by NS2 and NS3.  
 
Figure 4.33 Thickness of all face-side web combinations and needling sequences applied 
Figure 4.33 gives the results of all NS with all the web combinations arranged by face-side web. Generally, 
the results indicate that thickness increases as back fibre dtex increases. However, the range in thickness 
varies between each needling sequence applied and each web combination. The FCF samples produced 
with NS1 are all in the thinnest range. Considering both mass/unit area and thickness highlights that 
110/110 WC is the thickest and loftiest and has the lowest mass/unit area of all the web combinations. This 
trend could be a result of the needling sequence applied and the effect of the web combination 
simultaneously, as all the FCF samples generally show a similar trend.  
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Figure 4.34 Thickness of all back-side web combinations and needling sequences applied 
The results of the back-side web combinations show a similar trend in thickness based on fibre 
combination for all the FCF samples. This indicates that, with the same web combination, the 
needling sequence applied is having an effect on the thickness. It is interesting that the 27/110 WC 
using NS1 produces a thinner FCF sample than does 27/27 WC, which would be expected to have the 
lowest thickness. As 27/27 WC is the finest web combination, the least amount of needling should be 
required to consolidate the web to the woven base.  
Table 4.35 shows the resulting thickness for each of the FCF samples using each needling sequence 
and web combination, ranked from thinnest to thickest is below. For all the thickness results, 110/110 
WC is ranked 10. The web combinations using 27 dtex are ranked 1–5. This suggests that the web 
combination together with the selected needling sequence is influencing the result for thickness on the 
FCF samples.  
0.00 
0.50 
1.00 
1.50 
2.00 
2.50 
3.00 
3.50 
4.00 
4.50 
5.00 
5.50 
6.00 
6.50 
7.00 
7.50 
    back 27 
 
44 44 66 66 66 110 110 110 110 
face 27   
 
27 44 27 44 66 27 44 66 110 
Web combinations (dtex) 
T
h
ic
k
n
e
s
s
 (
m
m
) 
NS1 NS2 NS3 
81 of 123 
Table 4.35 Ranking of thickness for all web combinations and needling sequences 
Rank 
WC & NS1 Thickness WC & NS2 Thickness WC & NS3 Thickness 
face back (mm) face back (mm) face back (mm) 
1 27 110 3.84 27 27 4.25 27 27 5.18 
2 27 27 4.06 27 110 4.54 27 44 5.35 
3 66 110 4.34 27 44 4.79 27 66 5.36 
4 27 44 4.43 27 66 4.79 27 110 5.45 
5 27 66 4.54 66 110 5.46 44 44 5.76 
6 66 66 4.63 44 44 5.49 44 66 5.78 
7 44 44 4.76 44 66 5.49 66 110 5.79 
8 44 66 4.79 66 66 5.59 44 110 5.98 
9 44 110 4.87 44 110 5.64 66 66 6.04 
10 110 110 5.33 110 110 6.84 110 110 7.12 
 
Figure 4.35 and Table 4.36 below show the results of needling depth and the density, with the 
removal of one step in the needling sequence for even sections (step 7, refer to ch 2 on NS4).  
Figure 4.35 shows a higher thickness for each even section due to removing step 7. S1 had a thickness 
of 5.15 mm, where S2 yielded 5.17 mm, an increase of under 1%. S3 had a thickness of 4.91 mm, 
where S4 saw 5.06 mm, a difference of 0.15 mm, or 9%. S6 has the highest thickness at 5.27 mm, a 
difference of 0.09 mm over S5‘s 5.18 mm. S7 and S8 were of similar thickness, with S7 at 4.62 mm 
and S8 at 4.63 mm. Removing needling step 7 from the needling sequence for S2, S4, S6 and S8 
resulted in an increase in thickness of the FCF sample.  
Table 4.36 Outline of changes between needling depth and density on the thickness of FCF 
Sample 
Depth 
mm 
Density 
pn/cm2 
Thickness 
Mm 
S1 72 400 5.15 
S2 63 346 5.17 
Difference S1–S2 9 54 0.02 
S3 96 400 4.91 
S4 84 346 5.06 
Difference S3–S4 12 54 0.15 
S5 67 240 5.18 
S6 58 210 5.27 
Difference S5–S6 9 30 0.09 
S7 67 432 4.62 
S8 58 378 4.64 
Difference S7–S8 9 54 0.02 
 
This is expected as less fibre entanglement is occurring within the FCF samples with less needling, 
creating loftier FCF sample. 
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Figure 4.35 below shows that applying the same needling depth and density differences to the FCF 
samples produces the same overall thickness. For example, between S1 and S2 and between S7 and 
S8, there is a difference in depth of 9 mm and in density of 54 pn/cm
2
. This resulted in the same 
difference in thickness of 0.02 mm. This confirms that, if the raw material is kept the same, the 
influence of needling depth and density becomes apparent. 
 
Figure 4.35 Influences of needling depth and density on the thickness of FCF samples 
4.1.3 Influence of needling sequence and web combination on density of FCF 
Density is a measure of the relationship between mass/unit area and the thickness. The following graphs 
give the density results for samples using the web combinations and needling sequences.  
Figure 4.36 shows the density for the FCF samples with 27 dtex face-side web combinations using NS1, 
NS2, and NS3. NS1 yielded the highest density, while NS3 yielded the lowest. NS1 results decrease in 
density gradually as coarse back-side fibre is applied, but there is an increase with 27/110 WC. NS2 
samples also show a steady decrease in density as coarse backside fibre is applied. The needling sequence 
appears to have more of an impact here than does the back-side web used. 
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Figure 4.36 Density of all 27 dtex web combinations 
Figure 4.37 shows the results for 44 dtex web combinations. NS1 samples fall in the higher density 
range. NS2 and NS3 yielded density results within a similar and lower range.  
 
Figure 4.37 Density of all 44 dtex face-side web combinations 
Figure 4.38 shows results using 44 dtex back-side web combinations. The selected needling sequences 
saw decreased density in the FCF samples from 27/44 WC to 44/44 WC. NS1 produced the highest 
density range again, followed by NS2 and NS3, which had the lowest, though it saw only a 3% 
difference in density between 27/44 WC and 44/44 WC. This suggests the influence of needling 
sequence played a bigger role than the web between 27/44 WC and 44/44 WC for density.  
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Figure 4.38 Density of all 44 dtex back-side web combinations 
Figure 4.39 shows the density of FCF samples using 66/66 WC and 66/110 WC. There appears to be 
little change due to web combination here, as well, but there are apparent differences between the 
results using different needling sequences. For example, NS1 results had the highest density in both 
cases. FCF samples using NS2 had a lower density range and NS3 had the lowest density. Using NS1, 
samples had a 2% higher density between 66/66 WC and 66/110 WC. With NS2, the FCF samples 
had a 3% higher density with coarser back web. NS3 samples had a 4% higher density between 66/66 
WC and 66/110 WC. This suggests the needling sequence had more influence than the web 
combinations on the 66/66 WC and 66/110 WC FCF samples.  
 
Figure 4.39 Density of all 66 dtex face-side web combinations 
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Figure 4.40 Density of 66 dtex back-side web combinations 
The results for density when increasing face web fibre dtex show a decrease in density for each web 
combination and needling sequence applied, as Figure 4.41 shows. This is due to more compaction. 
Using dense fibres increases the density. There is also more entanglement when finer fibres are used 
with the selected needling sequences. Density decreased when coarse fibres were applied, as the FCF 
samples had less mass/unit area.  
 
Figure 4.41 Density of all 110 dtex back-side web combinations 
The densities of samples using NS1 are in a higher range than those using NS2 and NS3. This can 
also be seen in the Figures 4.42 and Figure 4.43 below. NS2 and then NS3 have lower density.  
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Generally, an increase in fibre diameter on the back web decreased the density, with exception of 
66/66 WC and 66/110 WC. It is unclear why these web combinations do not follow the same pattern. 
Further tests need to be conducted for these web combinations.  
 
Figure 4.42 Density of all face-side web combinations and needling sequences 
 
Figure 4.433 Density of all back-side web combinations and needling sequences 
Table 4.37 ranks the results by density. The 110/110 web combination yields the lowest density of the 
web combinations and 27/27 WC yields the highest. All the web combinations using 27 dtex are 
ranked 7–10 as the densest FCF samples. This indicates that denser fibres lead to a denser FCF 
sample.  
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Table 4.37 Ranking of density for all web combinations and needling sequences 
Rank 
WC & NS1 Density 
(g/cm
3
) 
WC & NS2 Density 
(g/cm
3
) 
WC & NS3 Density 
(g/cm
3
) 
face  back face  back face  back 
1 110 110 0.21 110 110 0.18 110 110 0.21 
2 66 66 0.25 44 44 0.23 66 66 0.25 
3 66 110 0.27 44 66 0.23 66 110 0.27 
4 44 110 0.27 44 110 0.23 44 110 0.27 
5 44 66 0.28 66 66 0.23 44 66 0.28 
6 44 44 0.28 66 110 0.24 44 44 0.28 
7 27 66 0.30 27 110 0.25 27 66 0.30 
8 27 110 0.31 27 66 0.27 27 44 0.31 
9 27 44 0.31 27 44 0.29 27 110 0.31 
10 27 27 0.34 27 27 0.31 27 27 0.34 
 
The next section further discusses the resulting physical parameters in comparison with the 
performance attributes. It will also outline any correlations between the performance attributes.  
4.2 Influence of needling sequence and web combination on performance parameters of FCF 
The following results evaluate the performance attributes of the FCF samples. These are influenced 
by the fibre diameter of the 10 specified web combinations and the needling sequence applied. This 
chapter summarises the tests conducted on air permeability, abrasion resistance and processing 
parameters as seen on a simulation FCM.  
Tables and graphs display the results for each of the 10 web combinations as they correlate with the 
three selected needling sequences. The 10 web combinations are visually represented on separate 
graphs organised by face-side web and back-side web using each of the four fibre types.  
Throughout the experiment, the woven base fabric was kept consistent at 320 g/m
2
 and a plain weave 
woven base structure was used. In total, 540 g/m
2
 of web were applied onto each of the 10 sections 
marked on the woven base. The total weight of each of the 10 sections total 680 g/m
2 
for each of the 
10 web combinations. This study analysed each web combination independently to show the effects 
of each needling sequence and then combined them for the overall view.  
4.2.1 Influence of needling sequence and web combination on air permeability of FCF 
This research used the Frazier air permeability tester to test the air permeability (cfm. per. sq. ft) of the 
FCF sample area. The following pages show the results. They are sorted by face fibre thickness and 
back fibre thickness for each Web Combination (WC) and by the Needling Sequence (NS) applied 
(refer to ch 2 for details on each sequence).  
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Figure 4.44 presents the air permeability of the 27 dtex face web combinations, a web combination in 
common industry practice for the face-side web of FCF.  
 
Figure 4.44 Air permeability of all 27 dtex face-side web combinations 
The results for 27 dtex fibres on the face side show an increase in air permeability as back fibre 
diameter increased. Using NS1 on the web combinations resulted in a lower air permeability range, 
followed by NS2 and then NS3, which has the highest air permeability overall.  
The difference between these FCF samples suggests that the application of 66 dtex and 110 dtex fibre 
is creating a more open, porous structure. The increase in air permeability by having coarse fibres 
suggests that the space between the fibres in the structure is greater, therefore creating a more open 
structure.  
Figure 4.45 shows the results of applying 27/27 WC. This is not a common combination as, generally, 
the back side uses coarse fibres for better abrasion resistance and drainage. The results demonstrate 
that using NS3 increases the air permeability of FCF from the 113–120 cfm using NS1 to a higher 
range of 128-132 cfm. This could be due to NS3 having a lower total needling density (refer to Table 
3.23), which would produce a loftier, more porous FCF structure. This could also be because NS3 has 
a lower total depth of needling penetration. Therefore, it is expected that having less depth and density 
in needling influences the FCF sample to be more open and thus more air permeable.  
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Figure 4.45 Air permeability of all 27/27 dtex web combinations 
Figure 4.46 shows the web combinations using 44 dtex fibres on the face side. The results also show 
that the air permeability increases with the application of the coarser back fibres. All the FCF samples 
followed the same trend regardless of NS—air permeability increased with an increase in the back-
side fibre thickness.  
The results still vary for each needling sequence. With 44 dtex fibre on the face, using NS3 shows an 
increase in air permeability. However, the increase in air permeability is not as significant as in 27dtex 
web combinations. The air permeability for 44 dtex face combination fall in a greater range. The 
difference in range suggests applying 44 dtex on the face creates an open structure and, as a result, 
there is an increase in air permeability in the resultant FCF. 
 
Figure 4.46 Air permeability of all 44 dtex face-side web combinations 
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Looking at the results using 44 dtex back-side web combinations in Figure 4.47, reveals a difference 
in the air permeability range by needling sequence. Using NS3 with a 27/44 WC results in an air 
permeability of 173 cfm. The 44/44 WC has a 205 cfm, an increase in air permeability of 18%.  
 
Figure 4.47 Air permeability of all 44 dtex back-side web combinations 
Using NS2 on a 27/44 WC yields an air permeability of 143 cfm, which rises to 150 cfm, an increase 
of 5%, on a 44/44 WC. The air permeability of the FCF samples using NS1 on a 27/44 WC changes to 
205 cfm on a 44/44 WC, an increase of 51%, which is higher than that of the other needling 
sequences.  
Using NS1 on 44 dtex back web yielded the highest range of the NS. This could be the result of NS1 
having a total needling density of 400 pn/cm
2
 which could be too dense for 44 dtex face web 
combinations. As a result, over-needling could be occurring. This would suggest deeper needling is 
creating holes in the FCF sample structure, causing an increase in air permeability (refer to Table 
3.23). NS2 has a total needling density of 354 pn/cm
2
 and NS3 has 328 pn/cm
2
; therefore, changes in 
the air permeability of the FCF samples are not as great for NS2 and NS3.  
Figure 4.46 shows that having 27 /27 WC and applying NS1 results in sample air permeability within 
the lowest range overall. This difference in results could be due to the 44 dtex web applied on the face 
causing an increase in air permeability using NS1. The greater amount of air passing through the 
structure suggests the FCF sample has become open and porous due to the needling applied  
The results in Figure 4.48 show that increasing the face fibre to 66 dtex and the back fibre to 110 dtex 
decreases air permeability. Although there is an increase in air permeability with 44/44 WC and 66/66 
WC, shown in Figure 4.47 and 4.48, adding 110 dtex to the back drops the air permeability 
significantly. This is against the trend that has been established in the previous figures, which showed 
an increase in air permeability as coarser fibres are applied to the FCF samples.  
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Figure 4.48 Air permeability of all 66 dtex face-side web combinations  
The results in Figure 4.49 of having a 66 dtex fibre on the back side are interesting as they suggest that 
face fibre is having a greater effect on the results. Using NS1 on a 27/66 WC yielded an air 
permeability of 174 cfm, with air permeability at 373 cfm with a 66/66 WC, a gradual increase. NS1 
offered the widest air permeability range for the FCF samples.  
Using NS2 on a 27/66 WC gave an air permeability of 183 cfm, which went up 346 cfm with a 66/66 
WC, an increase of 89%. NS3 yielded 217 cfm with a 27/66 WC, the highest air permeability for that 
web combination. NS3 has a lower total needling density, at 328 pn/cm
2
; this could have influenced 
the air permeability, as the FCF sample has not had sufficient needling for fibre entanglement and 
cohesion. NS2 and NS3 show a similar decrease when 44/66 WC is used. The variance between the 
results suggests the influence of the needling sequence applied. The increase in air permeability by 
having 66/66 WC suggests the influence of the coarse web combination. A more open and less dense 
structure was produced, with porous areas allowing for an increase in airflow.   
 
Figure 4.49 Air permeability of all 66 dtex back-side web combinations 
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Figure 4.50 gives the result of 110/110 WC. Only one combination for each needling sequence is 
shown, as it is not common practice to use 110 dtex on the face., as mentioned earlier in ch 1. 
Using NS1, the FCF samples have a higher average air permeability, followed by using NS3 and 
lastly NS2.  
 
Figure 4.50 Air permeability of all 110/110 dtex web combinations  
In Figure 4.51, the needling sequences are following a similar trend for air permeability within the 
110 dtex back-side web combinations. Results show an increase in air permeability with 44/110 WC, 
and then a decrease as coarser fibres are used. There are differences in air permeability within each 
web combination and needling sequence. This could be due to the application of coarser fibres and a 
reduced level of fibre entanglement creating a more open FCF sample.   
 
 
 
 
 
 
 
                                  Figure 4.51 Air Permeability of all 110 dtex back-side web combinations 
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Figure 4.52 gives the air permeability for all web combinations and needling sequences sorted by 
face-side fibre. The results indicate that a significant increase in air permeability occurs as the 
combinations approach a 66/66 WC, which is followed by a decrease as coarser fibres are used. It is 
unclear why there is an increase in air permeability up to a 66/66 WC but then a significant decrease 
with the 66/110 WC and 110/110 WC. Web combinations with coarser fibre would be expected to 
vary from web combinations with finer fibres. Further tests would need to be conducted to verify 
these results for air permeability.  
 
Figure 4.51 Air permeability of all web combinations (face side) and needling sequences applied 
The results indicate that using the selected needling sequences is producing a different range of results 
across the 10 web combinations. On the 27 dtex face web combinations, NS3 is generally producing a 
higher air permeability range, whereas 44 dtex face-side combinations get more air permeability from 
the use of NS1.  
Generally, the air permeability by having 66/66 WC is producing highest results and 27/27 WC the 
lowest. This suggests that, when an FCF sample has 66/66 WC, the structure is highly porous 
regardless of needling sequence. If the structure is only made of 27/27 WC, the FCF will be too dense 
and compacted, not allowing for efficient air flow. The airflow through a product in relation to its 
physical parameters needs to be balanced in order to obtain optimal performance for a FCF product.  
Figure 4.53 gives the results sorted by back-side web combination, again highlighting that 66/66 WC 
has the highest air permeability and 27/27 WC the lowest. It can be assumed it is a result of the web 
combinations and that the needling sequences applied are not suitable for coarser combinations. These 
results are interesting to note, as the assumption is that air permeability and porosity are influenced by 
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web weight and fibre diameter. Note that NS3 results are less influenced by the WC than are the NS1 
results. The variation suggests the influence of the needling sequence applied.  
 
Figure 4.52 Air permeability of all back-side web combinations and needling sequences applied 
A coarse 110/110 WC and a fine 27/27 WC should theoretically produce different air permeability 
results, as the permeability is related to the porosity, which is influenced by the fibre diameter and 
needling applied.  
What Figure 4.53 shows for NS3 and NS1 could be the result of less needling applied in NS3, 
reducing the amount of fibre entanglement and affecting the air permeability, as outlined by other 
studies (refer to ch 1).  
The results indicate that the 10 web combinations and the needling sequences applied all follow a 
similar trend among the FCF samples. Using NS2, air permeability results are the lowest. The FCF 
samples using NS1 have a larger variation in air permeability, particularly with 44 dtex on the face.  
The results of the web combinations are ranked in Table 4.38 from lowest to highest air permeability. 
The lowest air permeability uses 27/27 WC, followed by 27/44 WC. For all NS, 66/66 WC is ranked 
tenth with the highest air permeability. The overall increase in air permeability with 66/66 WC 
suggests that the fibre is influencing the variations.  
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Table 4.38 Ranking of air permeability results for all web combinations and needling sequences 
Ranking 
WC &NS1 AP WC & NS2 AP WC & NS3 AP 
Face Back cfm Face Back cfm Face Back cfm 
1 27 27 116 27 27 131 27 27 130 
2 27 44 135 27 44 143 27 44 172 
3 110 110 165 44 44 150 110 110 202 
4 27 66 174 110 110 157 44 44 205 
5 27 110 190 27 66 183 27 66 217 
6 44 44 205 27 110 206 27 110 238 
7 66 110 232 44 66 219 44 66 242 
8 44 66 272 66 110 230 66 110 254 
9 44 110 331 44 110 263 44 110 285 
10 66 66 373 66 66 346 66 66 367 
 
Table 4.39 shows the various needling densities applied to the FCF samples. Figure 4.54 below 
indicates the differences between each sample to identify which had the most influence, depth or total 
needling density. Results indicate that the removal of a step in the needling sequence leads to an 
increase in resulting air permeability.  
Table 4.39 Outline of changes between needling depth and density on air permeability of FCF samples 
Sample (S) 
Air permeability 
Cfm 
S1 113 
S2 114 
Difference S1–S2 1 (0.9%, not significant) 
S3 113 
S4 125 
Difference S3–S4 12 (11%) 
S5 125 
S6 131 
Difference S5–S6 6 (4%) 
S7 134 
S8 135 
Difference S7–S8 1 (0.7%, not significant) 
 
The density of needle penetration varies, for example S1 has 400 pn/m
2
 and S7 has 432 pn/m
2
. 
However, the difference of 54 pn/m
2
 between S1 and S2 and between S7 and S8 still yields the same 
difference in air permeability at 1 cfm, which is not significant, though it is consistent. This suggests 
that, if the same needling depth and density is applied, the air permeability of the FCF samples will be 
the same. Table 4.39 shows that, for the same web combination, regardless of what each step in the 
needling sequence is, if the total level of needling density is the same, the resulting difference in air 
permeability will be the same.  
By comparison, for S3 andS4 there is an increase in air permeability of 12 cfm. The density difference 
is the same as that of S1 and S2, the depth of penetration increased. This increase in permeability 
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could be a result of the increased depth causing fibre damage, as outlined in ch 1, creating a more open 
structure. The results for S5 and S6 show an increase from 125 cfm to 131 cfm, a difference of 6 cfm, 
when less needling is applied.  
 
Figure 4.53 Influences of needling depth and density on the air permeability of FCF samples 
It is interesting that the difference between S5 and S6 is exactly half that of S3 and S4. Additional tests 
are required to draw comparative conclusions, but it would appear that the FCF sample with deeper 
and denser needling have a more open structure. This is emphasised in Figure 4.54 presenting similar 
air permeability results between the FCF samples.  
The physical property of fibre diameter was assumed to have a greater effect on the air permeability 
than the needling intensity. It appears the use of finer dtex fibres creates a compact structure through 
dense interlocking fibres during needling. The coarser fibres could also be covering more area and 
causing a decrease in air permeability as interlocking fibres may be limiting the open spaces in the 
structure. 
Table 4.40 shows a microscopic analysis of 27/27 WC and 110 /110 WC using NS1. The percentage 
of cover is isolated by the black and white areas. There is a greater surface area covered on the 27/27 
WC. This could indicate why the air permeability is lower: there are more fibres per area where fewer 
fibres per area are visible in 110/110 WC.  
Air permeability is a measure of the porosity of the structure, and is often an important part of the 
specification for a FCF, determining the characteristics of the FCS produced. Air permeability is 
particularly key for the dewatering process to keep the FCF from being blocked up and to allow liquid 
to flow through during FCS manufacturing.  
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Table 4.40 Visual analysis of FCF samples between 27/27 WC and 110/110 WC  
 
4.2.2 Influence of needling sequence and web combination on abrasion resistance of FCF 
The abrasion tests measured fibre loss and provided an indication of surface wear, which affects the 
life of the FCF on a FCM. The abrasion tests used a Martindale abrasion tester for 500 revolutions. 
The FCF samples were weighed before and after the abrasion test to measure the amount of fibre loss. 
The researcher also conducted a visual analysis.  
Figure 4.55 shows the fibre loss results of 27 dtex face-side web combinations with the needling 
sequences. The results for NS1 indicate that the finest 27/27 WC has a fibre loss of 0.13 g/cm
2
 
compared to a 0.15 g/cm
2
 fibre loss for 27/44 WC. There is a decrease in fibre loss with the 27/66 WC 
over 27/44 WC that is furthered with 27/110 WC, which could indicate that using NS1 with this web 
combination improved the fibre entanglement, leading to less fibre loss. NS2 results follow a similar 
trend for all but 27/66 WC, which saw the lowest fibre loss of any of the four WC and the three NS.  
The loss using NS3 also increased from 27/27 WC to 27/44 WC. However, unlike the other needling 
sequences, the loss in fibre continue steadily as the diameter of the back web fibre increased. NS3 
consistently follows a different trend; further tests would be needed to verify the results.  
27/27 WC NS1 binary (open area black) 110/110 WC NS1 grey scale (open area white) 
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Figure 4.54 Fibre loss of all 27 dtex face-side web combinations 
Figure 4.56 shows the results of all 27/27 WC samples. NS3 has the lowest average fibre loss on 
average, at 11 g/cm
2
. NS2 samples have the second lowest amount of fibre loss while NS1 yielded the 
highest fibre loss. Although there is a difference in loss between the NS, the fibre loss is overall low, 
suggesting that 27/27 WC overall results in better fibre entanglement and less fibre loss.  
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Figure 4.55 Fibre loss of all needling sequences 27/27 dtex web combinations  
The fibre lost using 44 dtex face-side web combinations with all the needling sequences is in Figure 
4.57. The result of using NS1 showed a decrease in fibre loss as coarse fibre was applied on the back 
side. Using NS2 decreased fibre loss with 44/66 WC and then increased loss sharply with 110 dtex on 
the back. NS3 samples showed a continued increase in fibre loss with coarser back-side fibre. The 
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results imply the needling sequences had more influence than did the different web combinations, as 
not all results are similar.  
 
Figure 4.56 Fibre loss of all 44 dtex face-side web combinations 
Figure 4.58 shows the result of using 44 dtex on the back side and applying the selected needling 
sequences. Using NS1 with 44/44 WC instead of 27/44 WC saw a 13% decrease in fibre loss. Using 
NS2 with 27/44 WC or 44/44 WC yielded no significant difference in fibre loss, with both remaining at 
0.13g. Using NS3 with coarser face web increased fibre loss by 8%. 
 
Figure 4.57 Fibre loss of all 44 dtex back-side web combinations 
Figure 4.59 shows the results of using 66 dtex fibre on the face. The results vary for each needling 
sequence. Using NS1 with 66/110 WC decreased fibre loss 10% over 66/66 WC. The fibre loss with 
110 dtex applied to the back side may be a simple variation in measurement, as the difference is not 
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significant. Using NS2 and changing from 66/66 WC to 66/110 WC increased fibre loss 85%. NS3, 
on the other hand, saw no change with 110 dtex fibre instead of 66 dtex fibre.  
Using NS2 led to the least amount of fibre loss with a 66/66 WC, followed by NS1 and NS3. For all 
of the fibre loss results, it can be assumed that the needling sequence is having a greater effect than 
the web combinations for some samples, while the web combinations are the more impactful change 
in others. 
 
Figure 4.58 Fibre loss of all 66 dtex face-side web combinations 
Figure 4.60 shows the results of using 66 dtex fibre on the back side of the FCF samples with all the 
needling sequences applied. NS1 saw a consistent decrease in fibre loss as coarser face-side fibre was 
applied, while both NS2 and NS3 saw an increase with 44/66 WC and a decrease with 66/66 WC, 
though NS2 was lower overall.  
 
Figure 4.59 Fibre loss of all 66 dtex back-side web combinations 
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Figure 4.61 shows the results of 110/110 WC using the selected needling sequences. The results show 
that the highest average amount of fibre loss occurs by using NS3. The average fibre loss using NS3 is 
higher as less needling density is applied. Using NS2, there was less average fibre loss, and the range 
is smaller than that of FCF samples using NS1. The results suggest a greater influence of the needling 
sequence used.   
 
Figure 4.60 Fibre loss of all 110/110 dtex web combinations 
Figure 4.62 shows the resulting fibre loss with the 110 dtex fibre on the back side for all the needling 
sequences. The results show that using NS1 achieves the lowest level of fibre loss and there is a 
decrease in fibre loss when coarser fibre is applied to the face side. Using NS2 and NS3, there is an 
increase in fibre loss with 44/110 WC and a decrease with 66/110 WC, but NS3 has more dramatic 
variations. The highest level of fibre loss occurs with 110/110 WC, as it is the coarsest web 
combination and the needling sequences used are not providing adequate needling.  
It is interesting that 27/110 WC and 66/110 WC have the least fibre loss as the diameters of the fibres 
are different within the web combination. It would seem likely that two different web combinations 
would produce different amounts of fibre loss. The results suggest that the needling sequence applied 
to the web combination had more influence on the final fibre loss.  
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Figure 4.61 Fibre loss of all 110 dtex back-side web combinations 
Figure 4.63 and Figure 4.64 bring all of the results for fibre loss together. It shows the difference 
between the FCF samples in relation to the needling sequences applied. The 110/110 WC yielded the 
highest level of fibre loss with all needling sequences applied.  
 
Figure 4.62 Fibre loss of all face-side web combinations and needling sequences applied 
In addition, the results indicate that the most variation in fibre loss is occurring when 110 dtex is in a 
web combination. To an extent, it is apparent on the fine web combinations that the web combinations 
are having a greater effect on the results than are the NS. This is due to the fibre loss results being 
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within a close range. Generally, the most fibre loss occurs when using NS3. This suggests, for these 
web combinations, that NS3 is providing the lowest level of fibre entanglement.  
 
Figure 4.63 Fibre loss of all back-side web combinations and needling sequences applied 
The fibre loss of 110/110 WC is higher than that of the other web combinations. Visual examination of 
the FCF sample also revealed fibre loss, as the surface of the woven base structure became very visible 
after 500 rev. Fibre loss is an indication of the level of fibre entanglement occurring. When inadequate 
needling occurs, it results in increased fibre loss, though a high level of needling can also result in 
fibre breakage within the structure and enhance fibre loss. As a result, it is important to select an 
appropriate needling sequence to apply to a particular web combination.  
As can be seen in the results for fibre loss, not every needling sequence may be compatible with every 
web combination. However, if the needling sequence can be applied to several web combinations 
successfully, that would be suitable. For example, NS2 results in the least amount of fibre loss in 6 of 
the 10 of the web combinations 
It can also be seen in the FCF samples that NS1 provides adequate needling for coarse web 
combinations. However, it has a high density of total 400 pn/cm
2
 (refer to ch 2). It could be causing 
fibre damage to the finer combinations of 27/27 WC and 27/44 WC, causing a higher level of fibre 
loss. Results indicate that using NS3 results in the highest amount of fibre loss for all but 66/110 WC. 
NS1 offers the least fibre loss, and the results are more consistent across the WC.  
Applying NS3 and NS2 to 27/66 WC and 27/110 WC yields opposite results. NS2 fibre loss is 
minimal, where NS3 resulted in more fibre loss. This suggests that, to a point, fibre entanglement 
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occurs using NS2 with the appropriate web combination and so less fibre loss occurs during abrasion 
testing.  
The results of the FCF samples are ranked from least to most fibre loss in Table 4.41. There appears to 
be few similarities between the web combinations and the ranking position. This indicates that the 
differences are dominantly due to the needling sequence applied.  
Table 4.41 Ranking of fibre loss results for all web combinations and needling sequences 
Rank 
WC & NS1 Fibre loss WC & NS2 Fibre loss WC & NS3 Fibre loss 
face back (g) face back (g) Face back (g) 
1 66 110 0.09 66 66 0.07 27 27 0.11 
2 66 66 0.10 27 66 0.10 66 66 0.12 
3 44 110 0.11 44 66 0.10 66 110 0.12 
4 44 66 0.12 27 110 0.12 27 44 0.13 
5 27 110 0.13 27 27 0.12 44 44 0.14 
6 44 44 0.13 27 44 0.13 27 66 0.15 
7 27 27 0.13 44 44 0.13 27 110 0.17 
8 27 66 0.14 66 110 0.13 44 66 0.18 
9 27 44 0.15 44 110 0.16 44 110 0.21 
10 110 110 0.22 44 110 0.16 44 110 0.43 
 
Figure 4.65 and Table 4.42 provide the results of removing one needle pass (step 7) from the needling 
sequence (ref to ch 3). The results of the abrasion test indicate that there is an increase of fibre loss in 
the even sections, which removed step 7. For example, S1 and S2 as well as S7 and S8 have the same 
needling depth and density difference and the resulting difference in fibre loss is very similar.  
Table 4.42 Outline of changes between needling depth and density on the fibre loss of FCF samples 
 
Sample 
Fibre loss  
g 
S1 0.11 
S2 0.22 
Difference S1–S2 0.11 ( 100%) 
S3 0.09 
S4 0.12 
Difference S3–S4 0.03 (33%) 
S5 0.27 
S6 0.29 
Difference S5–S6 0.02 (7%) 
S7 0.13 
S8 0.22 
Difference S7–S8 0.09 (69%) 
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It is interesting that S5 and S6 have the lowest needling depth and density and resulted in the highest 
fibre loss, which indicates that the needling was not adequate. The result could also be due to the 
selection of 27/66 WC for this experiment. S5 and S6 have a lower needling depth and density and, 
therefore, the difference is not affecting fibre loss dramatically. Consequently, difference in fibres loss 
is only 0.02g.  
The results of S3 and S4 are interesting as well as the highest level of needling depth and density 
resulted in the least fibre loss. This suggests the selection of the web combination is influencing the 
fibre loss. 
 It can also be assumed that the results vary due to the amount of fibre lost on the sample during 
testing, as samples tend to peel and fibres sit on the surface. In addition, the fibres that have abraded 
off may have been lost during movement of the sample. Generally, using NS3 resulted in the highest 
fibre loss across most web combinations. Applying NS2 results in the most variation in fibre loss 
across all the web combinations.  
 
 
Figure 4.64 Influence of needling depth and density on the fibre loss of FCF samples 
4.2.3 Influence of Needling Sequence and Web Combination on processing parameters of FCF 
The mini press test results indicate if fibre loss is occurring and shows the wear of the samples on a 
simulation fibre cement machine. The samples were cut into long strips for assessment. This test is 
different from the Taber abrasion method as each sample is weighed before and after to obtain the 
grams of fibre loss. Throughout the results, there appears to be no correlation between the mini press 
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test method and the Taber abrasion method. Figures 4.66 and Figure 4.67 show the results for the 27 
dtex web combinations and the needling sequences applied.  
 
Figure 4.65 Fibre loss of all 27 dtex face-side web combinations  
Using NS1 on the FCF samples yielded the lowest fibre loss. For NS1, there was an increase in fibre 
loss going from 27/44 WC to 27/ 66 WC, but a decrease in fibre loss with 27/110 WC. The low fibre 
loss from using NS1 suggests adequate needling has occurred. Using NS3 saw similar results, but the 
range is limited to 30–33 g/m2 of fibre loss. This suggests the needling sequence had a bigger 
influence than the web combination.   
Using NS2 gave completely different results. NS2 had less fibre loss with coarser fibres on the face 
but more fibre loss with 27/110 WC. The variation in the results also emphasises the greater influence 
of the needling sequence applied.   
The results of 27/27 WC in Figure 4.67 below again show fibre loss is at a lower range when using 
NS1, followed by using NS3 and NS2. 
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Figure 4.66 Fibre loss of all 27/27 dtex web combinations 
Applying NS1 results in fibre loss of 20 g/m
2
, where NS2 and NS3 result in fibre loss of 30 to 35 
g/m
2
. Compared to using NS1, using NS2 on the web combination causes 30% more fibre loss. The 
results suggest it is due to the needling sequence applied.  
Figure 4.68 gives the results with 44 dtex face-side web combinations. Using NS1 on the 44 dtex web 
combinations leads to the lowest amount of fibre loss. Using NS2 leads to the most fibre.  
 
Figure 4.67 Fibre loss of all 44 dtex face-side web combinations 
 
 
 
0 
5 
10 
15 
20 
25 
30 
35 
40 
2727 NS1  27/27 NS2 27/27 NS3  
Web combinations (dtex) 
F
ib
re
 L
o
s
s
 (
g
/m
2
) 
0 
5 
10 
15 
20 
25 
30 
35 
40 
45 
back 44 66 110 
face 44 44 44 
Web combinations (dtex) 
F
ib
re
 L
o
s
s
 (
g
/m
2
) 
NS1 
NS2 
NS3 
108 of 123 
Figure 4.69 gives the results with 44 dtex on the back side. It indicates that using NS1 results in the 
least fibre loss, followed by NS2 and NS3.  
 
Figure 4.68 Fibre loss of 44 dtex back-side web combinations 
Fibre loss correlates to the durability of a FCF product. High levels of fibre loss suggest a decrease in 
durability of the FCF product, as it will have increased mechanical wear. Figure 4.70 gives the results 
with 66 dtex face-side web combinations. It shows that there are differences between each needling 
sequence applied. Using NS1 on the FCF samples increases fibre loss when the coarse 110 dtex is 
applied. Using NS1 for 66/110 WC see  fibre loss of 28% than when using it on 66/66 WC.  
 
Figure 4.69 Fibre loss of all 66 dtex face-side web combinations 
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Using NS2, there is no difference in fibre loss, which remains at 32 g/m
2
, with the application of 110 
dtex fibre on the back. On the other hand, using NS3 on 66/66 WC and then on a coarser 66/110 WC 
decreases fibre loss 10%.  
Figure 4.71 gives the results with 66 dtex fibre back-side web combinations, which show varying 
levels of fibre loss depending on the needling sequence applied. The fibre loss using NS1 is 13% 
lower for 44/66 WC than for 27/66 WC and 50% higher using 66/66 WC over 44/66 WC. By contrast, 
NS2 sees 28% increase by raising the face web to 44 and then an 21% drop from that with 66/66 WC. 
NS3 results had a 3% increase in fibre loss with the 44 dtex face web and a 14% decrease moving up 
to 66 dtex face web. 
NS2 and NS3 shows a simlar trend, which is an increase in fibre loss when moving to 44/66 WC from 
27/66 WC, and a decrease as a result of changing to 66/66 WC from 44/66 WC. NS3 results fall 
within a smaller range, however. The differences in fibre loss suggest the needling sequence has the 
most influence.  
The use of NS1 with 66 dtex on the back results in a different trend from the the other needling 
sequences. Using NS1 with 44/66 WC leads to the least fibre loss, but NS1 is the only NS to have an 
increase in fibre loss with 66/66 WC. This diffrence in trend suggests that the needling sequences are 
not having a consistent effect on fibre loss. It seems likely that the resulting fibre loss is due to a 
mixture of the web combination used and the needling sequence applied.  
 
Figure 4.70 Fibre loss of all 66 dtex back-side web combinations 
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The fibre loss for the coarse 110/110 dtex web combination is on Figure 4.72 below. The results show 
that using NS3 leads to the least amount of fibre loss, followed by NS1 and then NS2.  
 
Figure 4.71 Fibre loss of all needling sequences 110/110 dtex web combinations 
Figure 4.73 shows the results with 110 dtex back-side web combinations and each needling sequence. 
The 110/110 WC, regardless of the needling sequence, had the highest fibre loss. Using NS2 on the 
110/110 WC resulted in the most fibre loss, at 151 g/m
2
, followed by NS1 at 114 g/m
2
 and NS3 at 63 
g/m
2
.  
 
Figure 4.72 Fibre loss of all 110 dtex back-side web combinations 
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Figure 4.74 and 4.75 summarise the results using all the web combinations and needling sequences 
applied. When the FCF samples are viewed together with the applied NS, the results illustrate the 
different amounts of fibre loss occurring.  
 
Figure 4.73 Fibre loss of all face-side web combinations and needling sequence applied  
For the finer web combinations, the needling sequence appeared to be have less influence, as the fibre 
loss shows similar results regardless of the needling sequence applied.  
 
Figure 4.74 Fibre loss of all back-side web combinations and needling sequences applied 
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The results suggest there is an influence of both the web combination and the needling sequence 
applied. In general, across all web combinations but one, the fibre loss is below 40 g/m
2
, with the 
exception being 110/110 WC, which has the greatest fibre loss. Throughout the experiment, the web 
combinations have indicated that the face-side fibres have a greater impact on the measured 
parameters of FCF samples. Although this uses a much heavier base construction than do standard 
nonwoven products, fundamentally, the fibre characteristics still appear to have a greater effect on 
fibre loss. Also, fibres are not a true comparative parameter for the Taber abrasion test method results 
as the results are different between the web combinations.  
Table 4.43 ranks the resulting FCF samples from least to most fibre loss. Using 110/110 WC and any 
of the needling sequences resulted in the most fibre loss.  
Table 4.43 Ranking of fibre loss for all web combinations and needling sequences 
 
Ranking 
WC & NS1 fibre 
loss 
(g/m
2
) 
WC & NS2 fibre 
loss 
(g/m
2
) 
WC & NS3 
fibre loss 
(g/m
2
) face back face back face back 
1 27 110 19 27 44 32 66 110 26 
2 27 27 20 27 66 32 66 66 29 
3 44 44 21 66 66 32 27 27 30 
4 44 110 23 66 110 32 27 44 31 
5 27 44 24 27 27 34 44 44 31 
6 44 66 26 27 110 37 27 66 33 
7 27 66 30 44 110 39 27 110 33 
8 66 66 39 44 44 41 44 66 34 
9 66 110 50 44 66 41 44 110 36 
10 110 110 114 110 110 151 110 110 63 
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4.3 Summary of results and discussion  
The purpose of this research was to investigate the influence of physical and structural parameters on 
the relevant performance attributes of FCF. This study conducted the experiments by selecting 
common fibres of different thicknesses used at an FCF industrial manufacturing site. These fibres 
were converted into carded webs and applied to a woven base structure. The web combinations were 
then consolidated to the woven base with three different needling sequences.  
The researcher examined the physical characteristics of FCF, such as mass per unit area, thickness and 
density, to determine the key factors influencing these parameters. In addition, this study looked at the 
performance parameters of air permeability and abrasion resistance, and simulation processing was 
conducted.  
When observing the FCF samples for physical parameters, the thickness across the results appeared to 
correlate most with the web combination. However, the needling sequence also had an influence, as 
the FCF samples show a range of results influenced by the needling sequence applied. As thickness is 
attributed to fibre entanglement through the needling sequence, using finer web combinations with 
any needling sequence resulted in the thinnest FCF sample. It can be assumed that, as fibres are 
passing through the needling zone, the finer fibres compact more into the structure of the woven base 
fabric, producing a consolidated structure.  
The coarser fibre blends require a more vigorous needling sequence to consolidate the fibre to the 
woven base. Consequently, NS1 provided the best outcomes. The needling depth and density total for 
NS1 were the highest, so the thickness of the FCF samples using NS1 are the lowest.  
The combinations using 44 dtex on the face produced the least variation with all of the needling 
sequences.  
With 110/110 WC, all the needling sequences produced lofty structures. This is due to less 
entanglement and web compaction occurring.  
The FCF samples result of mass unit area show differences amongst the web combinations. This could 
be a result of the needling sequences applied. All the needling sequences show a gradual decline from 
the maximum with 27/110 WC. The NS3 sample weights remained the most constant. The web 
weights and woven base used were the same; therefore, the difference which occurred is most likely 
the result of the needling sequence applied.  
The number of fibres broken through the needling processing could indicate why the FCF samples 
with finer web combinations finished heavier and the coarse web combinations finished lighter. Using 
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110 dtex fibre appears to create the most variation with all the needling sequences, even when 27 dtex 
is applied on the face side. 
The resulting FCF samples show that using NS2 provides the lowest density, followed by NS3. 
Generally, the finer web combinations have the highest density, while the coarse web combinations 
have the lowest. The results suggest density correlates most closely to the web combination, but the 
needling sequence also has an influence. This is because the needling sequences applied to a web 
combination provide a range of densities.  
Thickness and air permeability are correlated. If the product is thicker, it suggests the product is more 
open and porous; therefore, less needling must have occurred to consolidate the web to the woven 
base.  
It is ideal for the FCF to be pre-compacted, as it will operate better during the process. A very lofty 
design can take more time to settle into process. In these results, thickness and air permeability appear 
to be independent of each other, as a strong correlation was not apparent.  
The air permeability results for all of the NS1 samples follow a similar trend to that of thickness. In all 
the web combinations, 27/27 WC has the lowest air permeability, but 110/110 WC also shows low air 
permeability results. The highest air permeability was with 66/66 WC. Air permeability is the measure 
of air passing through a substrate; this result indicates that the space between fibres is most open for 
this web combination. It was expected that 110/110 WC would produce the highest air permeability 
range as less entanglement is occurring, resulting in a open porous structure. Studies found finer batts 
are more compact and therefore have lower air permeability, but the low results for 110/110 WC are 
not consistent with other findings.  
The results for air permeability also indicate the web combination is having a greater effect on the 
results than the needling sequences applied. Consequently, all the results follow a similar pattern. As 
stated in previous research there is neither an increase nor a decrease in air permeability if the needling 
density is increased (see ch 1). This statement is also true for the web combinations used for FCF, as 
fibres are primarily influencing the results.  
Abrasion tests indicate fibre loss by doing 500 revolutions for each web combination. The simulation 
test also shows fibre loss, but the results did not prove comparable to abrasion testing. A comparison 
of abrasion testing and the mini press should theoretically show similar results, but there are a few 
differences.  
The results indicate that using NS1 leads to the least fibre loss. The 110 /110 WC results vary, 
however, as mini press result showed a 50 g/m2 fibre loss whilst the Taber abrasion test showed 20 g 
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for the same combination. This could be due to the testing process, as the abrasion tests are conducted 
to a specified 500 rev.  
Fibre loss follows the same trend for NS2 and NS3. Overall, NS3 led to the highest fibre loss. This 
maybe because NS3 has the lowest overall take up. That would also explain why the weight remained 
constant; less needling occurred and therefore there was less fibre breakage and fibre loss through 
needling. This also supports that the selection of fibre is important and has more of an influence on the 
final parameters than the needling method and factors, such as density and depth. 
Table 4.44 gives the results of both the abrasion resistance test on the Martindale and the simulation 
test equipment. The results outline that, apart from 110/110 WC, there is no correlation between the 
two methods of measuring fibre loss. The high fibre loss of 110/110 WC is likely due to a lack of 
fibre entanglement and cohesion between the fibres. This comparison also highlights that using the 
two test methods to obtain comparative results is not an accurate method.  
Table 4.44 Comparison between Martindale and simulation abrasion testing on the web combinations 
Web 
combinations 
NS1 NS2 NS3 
Martindale simulation Martindale simulation Martindale simulation 
27/27 5 2 4 5 1 3 
27/44 9 5 6 1 4 4 
27/66 8 7 2 1 6 6 
27/110 5 1 4 6 7 6 
44/44 5 3 6 8 5 4 
44/66 4 6 2 8 8 8 
44/110 3 4 9 7 9 9 
66/66 2 8 1 1 2 2 
66/110 1 9 6 1 2 1 
110/110 10 10 10 10 10 10 
 
Table 4.45 below is a summary of the FCF characteristics and the web combinations and provides the 
maximum and minimum results. The table highlights that the coarse and fine web combinations are at 
opposite ends of the scale.  
In the results for thickness, the 110/110 WC using NS3 is the thickest, while the 27/110 WC using 
NS1 is the thinnest. It was expected that 27/27 WC would generally be the thinnest. For the results for 
mass/unit area and density, the finer web combination was expected to be the lightest and the coarse 
web combination the heaviest, as this is a reflection of the raw material fibre dtex used in the 
construction. The 27/27 WC was expected to have the least air permeability as it is the densest and has 
greater mass unit area.  
Surprisingly, the 66/110, instead of the 110/110 WC, produced the maximum air permeability. This 
may be a result of the needling sequences applied. Abrasion resistance using the Martindale shows 
maximum fibre loss occurs with the 110/110 WC applying NS3 and the minimum with 66/66 WC 
applying NS2.  
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Fibre loss through simulation testing shows using 110/110 WC with NS2 results in the most fibre loss, 
whilst 27/110 WC with NS1 results in the least. All the results show varying outcomes depending on 
the FCF parameter.  
Table 4.45 FCF parameters having maximum and minimum limits of web combinations 
 
FCF parameters 
Max (NS) Web combination Min (NS) Web combination 
Thickness (mm) NS3 110/110 NS1 27/110 
Mass / unit area (g/m
2
) NS1 27/27 NS1 110/110 
Density (g/cm
3
) NS1 27/27 NS3 110/110 
Air permeability (cfm) NS1 66/110 NS1 27/27 
Abrasion Martindale (g) NS3 110/110 NS2 66/66 
Abrasion simulation(g/m
2
) NS2 110/110 NS1 27/110 
 
Thickness, air permeability, weight, fibre loss, and density are the key characteristics influencing the 
selection of FCF. Table 4.46 below gives an outline of the characteristics and the influence of the 
needling sequences applied according to the tests this research conducted.  
The matrix can be used to isolate a suitable needling sequence based on preferred characteristic. For 
example, if the FCF was too closed and the surface was getting blocked up, then air permeability 
would need to be improved. Therefore, a more open structure may be required. This could be 
achieved, for example, by using NS1 And, if required, changing to 66/110 WC. In addition, web 
combinations using fibres of 27 dtex and 44 dtex on the face side present consistent results. The results 
using 27 dtex on the face relate to the results outlined in previous studies (refer to ch1). 
 Table 4.46 Summary of results 
Characteristics 
Preference for needling sequence 
NS1 NS2 NS3 
Thickness (mm) low medium high 
Weight (g/m
2
) low medium high 
Density (g/cm
3
) high  medium low 
Air permeability (cfm) high low medium 
Abrasion resistance (g) low medium high 
Mini press fibre loss (g/m
2
) low medium high 
 
The results table could be used as a guideline to outline the key performance areas and select a 
needling method based on the required properties. For example, if the application requires a low air 
permeability structure, high thickness, high abrasion resistance and high wear, the NS3 will provide 
the most adequate characteristics. It satisfies two of the requirements, high abrasion resistance and 
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thickness. In summary, the tests conducted and the results obtained from the tests have theoretical and 
potentially practical implications.  
Chapter 5: Conclusions & Recommendations  
5.1 Conclusion  
This research tried to identify the influence of different fibre diameters at a specified web weight and 
effect of mechanical bonding on the parameters and characteristics of FCF. The fibre characteristics 
achieved through the experiments have indicated these factors have a considerable effect on outcomes.  
Air permeability certainly correlates to the fibres and web combinations used, as the results were 
within close proximity of each other. Air permeability increases as fibre dtex increases until 66/66 
WC. The combinations using coarser fibres than that show a decrease in air permeability. Therefore, 
there is a clear correlation between fibre diameter and the parameters of FCF. The results also indicate 
a correlation between the finer face-side fibres and air permeability. Thickness and air permeability 
are often correlated, but this research found no strong correlation.  
Performance characteristics such as fibre loss were measured by the mini press and abrasion testing. 
indicate key factor for fibre loss is fibre entanglement, and that appears to occur due to the appropriate 
selection of fibres rather than the needling sequences. However, a manufacturer can combine high 
density and deep needling sequences to reduce fibre loss; NS1 provides an example of this.  
NS does have a greater effect on thickness and weight across coarse combinations. The fibre choice 
affects the finer web combinations‘ thickness and weight more than NS, however. The mini press and 
Taber abrasion method all indicate the fibre and web combination are having a greater effect on the 
performance outcomes. Using 44/110 WC and 66/66 WC with NS2 provides the least fibre loss during 
abrasion and simulation mini press testing.  
Web stratification therefore has the greatest impact, as it is affected by the needling energy. This is 
highlighted by 110/110 WC. This combination of coarse fibres is not producing optimal wear 
characteristics, although it theoretically should have had the least wear due to the coarse fibres. This 
result is due to less fibre entanglement occurring; therefore, this combination is not ideal for wear 
resistance. 
A number of variables still require investigation to determine factors such as take up or depth and their 
influence. There was not a wide enough range of trials to determine the correlations for take up and 
depth. The results for the needling sequences have indicated that the fibre is having a greater effect, 
and that could also be true for needling depth and take up.  
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The surface web characteristics dominate the results. The observations of this research are in line with 
the general nonwoven research previously covered. Using a heavy base structure does not have a great 
effect.  
Of the web combinations, the optimal design for the web layering to achieve consistent performance 
uses a combination of NS1 and 27/66 WC. This provides suitable results with low thickness so 
compaction time is reduced. There is minimal fibre loss on average, so there will not be a huge loss in 
weight, which is consistent with mini press results. The combinations can achieve an optimal design 
that would be suitable for most FCM, but, as stated, each machine can vary.  
Currently, there is no published information available about FCF, so it is challenging to apply the 
results across all methods of FCF manufacturing. However, by focusing on the three needling 
sequences selected, the project has been interesting. It compared a theoretical approach to actual 
achieved results.  
Due to the complexities of the structure, developing a model is difficult. The project would require a 
lot more data. This is probably why general guidelines are suggested, rather than taking a statistical 
mathematical approach, other than the Kozeny theory based on the ideal that the fibres are uniform 
and straight structures. In the future, computer modelling could be used more in conjunction with new 
technologies to achieve accurate results. For now, manufacturers have to use a basic guideline, 
outlining the starting concepts that the industry can develop in the future to assist in predetermining 
the parameters and attributes of FCF.  
5. 2 Suggestions for the future  
Further tests are required to identify the tenacity, stiffness and bursting strength of FCF, which could 
then better indicate the effect of coarse fibre combinations. In addition, experiments on take up and 
depth with more combinations would be worthwhile to investigate. The effects may have been more 
apparent with different WC.  
The viability of using natural fibres and biodegradable material should be explored in industrial 
applications as this is becoming more of a concern. Alternatively, researchers could investigate 
whether FCF could be reprocessed and used in cement mix, as it may be difficult to wash out the 
cement.  
119 of 123 
Reference list  
 
Adanur, S 1995, Handbook of industrial textiles, Technomic Publishing Company, USA. 
 
Adanur, S 1997, Paper machine clothing, Technomic Publishing Company, USA. 
 
Albany International (AI) 2000, ‗Paper machine felt properties and guidelines‘, Albany International. 
 
Alva, P, Yonatan, P, Andreas, R, & Thomas, G 2008, ‗Influences of textile characteristics on the 
tensile properties of warp knitted cement based composites‘, Cement & Concrete Composites, vol. 30, 
issue 3, pp. 174–83.  
 
Atkinson, K 2007, SiroLock™: carding solution for fibre control,CSIRO, viewed 2008, 
<http://www.csiro.au/solutions/SiroLock.html>. 
 
Asasutjarita, C, Hirunlabha, J, Khedarid, J, Charoenvaia, S, Zeghmatib, B & Cheul, US 2007, 
‗Development of coconut coir-based lightweight cement board‘, Construction and Building Material, 
vol. 21, no. 2, pp. 277–88. 
 
Asis, RA 2009, ‗Water air permeability of Nonwoven Fabrics‘, Textile Research Journal, vol. 79, 
issue 2, pp. 147–54. 
 
Atwal, SM 1987, ‗Factors affecting the air resistance of nonwoven needle punched fabrics‘, Textile 
Research Journal, vol 57, no. 10, pp 574–9. 
 
Australian Standards 2000, Part 1: cellulose-cement corrugated sheets, AS 2908.2-2000, Australian 
Standards. 
 
Australian Standards 2000, Part 2: cellulose-cement flat sheets, AS 2908.2-2000. 
 
Axelsson, M, Ostlund, C, Vomhoff H, & Svenesson, S 2006, ‗Estimation of pore volume at the 
interface between paper web and felt‘, MAppSci thesis, University of Uppsala. 
 
BCG 2009, Fibre cement product guide, BCG, viewed June 2009, 
<www.bgc.com.au/fibrecement/s_17/product_range_flyer.pd>. 
 
Bottiglieri, J 2007, ‗The green imperative‘, Paper 360, October, issue 2, pp 96–7. 
 
Brückner, A, Ortlepp, R, & Curbach, M 2006, ‗Textile reinforced concrete for strengthening in 
bending and shear‘, Materials and Structures, vol. 39, issue 8, pp. 741–8. 
 
Carstens, J 2008, ‗Technology in fibre recovery‘, Appita Journal, vol. 61, issue 3, pp. 186-90. 
 
 
CSIRO, Technical textiles, viewed 2007, <http://www.csiro.au/science/Techincal-Textiles.html>.  
 
David, E 2000, Putting it together: the science and technology of composite materials, viewed 10 
February 2010, <http://www.science.org.au/nova/059/059key.htm>. 
  
Debnath, S & Madhusoothanan, M 2009, ‗Studies on compression behaviour of polypropylene 
needle punched non-woven fabrics‘, IE(I)Journal-TX, vol. 89, pp. 32–7. 
 
120 of 123 
Demboski, G & Gordana, BG 2005, ‗Textile structures for technical textiles, part 1: fibres as raw 
materials for technical textiles‘, Bulletin of the Chemists and Technologists of Macedonia, vol. 24, 
no. 1, pp. 67–75. 
 
Euromoniter International (EI), 2009, ‗Strategy briefing: what is the world coming to?‘, viewed 
December 2009, 
<http://www.euromonitor.com/Global_Trends_2009_What_is_the_World_Coming_to 
 
European Disposals and Non Wovens Associations (EDANA) 2008 ‗What are Nonwovens?‘, viewed 
July 2007, <http://www.edana.org/content/default.asp?PageID=36>. 
 
FCMBell 2003, Fibre cement machines, viewed 2006, <http://www.fcmbell.ch/english/index.html>.  
 
Ganiaris, G & Okun, J 2001, ‗To riches from rags: profiting from waste reduction—a best practices 
guide for textile and apparel manufacturers‘, U.S. EPA Region 2. Viewed January 2008, 
<http://www.epa.gov/region2/p2/textile.pdf 
 
Goosens, F 1993, ‗Improvement of surface structure of filter media by bonding, laminating, coating 
and impregnating‘, Journal of Industrial Textiles, vol.22. 
 
Goran, D & Gordana, BG 2004, ‗Textile structures for technical textiles part II: types and features of 
textile assemblies‘, Bulletin of the Chemists and Technologists of Macedonia,vol.24, no.1, pp.77-86. 
 
Gullbrand, JVH 2000, ‗Influence of press fabric micro scale stress variation on dewatering‘, PAPTAC 
91st annual meeting, Sweden. 
 
Horrocks AR & Anand SC, 2000, Handbook of technical textiles, Woodhead Publishing, viewed 2 
May 2009, 
<http://www.knovel.com.ezproxy.lib.rmit.edu.au/web/portal/browse/display?_EXT_KNOVEL_DISP
LAY_bookid=926>. 
 
Fibre Cement Cladding, viewed April 2006,  
<http://www.homedesigndirectory.com.au/articles/FeaturedProducts/FibreCement.shtml 
 
Hwang, GS, Lu, KU, Lin, MF, Hwu, BL & Hsing, WH 1999, ‗Transmissivity behavior of layered 
needle punched nonwoven geotextiles‘, Textile Research Journal, vol. 69, issue 8, pp. 65–9. 
 
Hyungsup, K 1998, ‗Study of needle punching process and products‘, PhD thesis, North Carolina 
State University. 
 
Ikaia, S, Reichert, JR, Rodriguesc, AV & Zampieria, VA 2010, ‗Asbestos-free technology with new 
high toughness polypropylene (PP) fibres in air-cured Hatcheck process‘, Construction and Building 
Material, vol. 24, no. 2, pp. 171–80.      
 
Industrial Nonwovens & Disposables Association (INDA), 2005, ‗Textiles glossary‘, viewed May 
2006, < http://www.inda.org/Glossary.pdf 
 
Inhs, S, Kyung, HH, Huensup, S & TJK, 2006, ‗Surface roughness measurement of nonwovens using 
three-dimensional profile data‘, Textile Research Journal, vol. 76, no. 11, pp. 828–34. 
 
Inter International Standards Organisation (ISO) standard 9092 
 
Invista 2007, ‗Invista product specification polyamide staple fibre analysis‘. Albany International 
Australia (AIA) Internal Technical Fibre Specification  
 
121 of 123 
Kamath, MG, Dahiya, A, Hegde, RR, Jana, P & Liu, X 2004, Needle punched nonwovens, viewed 
2007, <http://www.eng.utk.edu/mse/Textiles/Needle%20Punched%20Nonwovens.htm>.  
 
Kapusta, H 2003, ‗Analysis of values of punching forces in the process of web needling in dynamic 
conditions‘, Fibres & Textiles in Eastern Europe, vol. 1, no. 11, pp. 28-32. 
 
Kermit, D 2001, Needle punched nonwovens, viewed 20 March 2008, 
<http://www.apparelsearch.com/Education/Research/Nonwoven/2001_Kermit_Duckett/education_re
search_nonwoven_fibres_and_fibre_consumption_non.htm>. 
 
Krause, JR 2007, Fibre cement technology and design, Publishers for Architecture, Birkhauser. 
 
Kothari, VK 2008, Progess in textiles volume 3: science & technology technical textiles: technology 
developments, IAFL Publications, New Delhi India. 
 
Kroschwitz & Jacqueline, I 1990, Polymers: fibres and textiles, Wiley Publishing, New York USA. 
 
Kuderi, GK & Shah SP, 2006, ‗Processing of high performance fibre-reinforced cement based 
composites‘, Tenth International Inorganic-Bonded Fibre Composites Conference, Nov 15–18, Sao 
Paulo, Brazil, pp. 94–204. 
 
Larsson, P 2007, ‗Evaluation of fibres from different suppliers‘, R2006-12, Albany International, 
2007 
 
Lennox Kerr, P 1972, Needle-felted fabrics, Textile Trade Press, Manchester England. 
 
Lifshutz, N 2005, ‗The mean flow pore size distribution of microfibre and nanofibre‘, International 
Nonwoven's Journal, vol. 14, no. 1, pp. 18–24. 
 
Luki, S & Jovani, P 2004, ‗Structural analysis of abrasive composite materials with nonwoven textile 
matrix‘, Material letters, vol. 58, no. 3, pp. 439–43. 
 
Lundström, TS, Frishfelds, V & Jakovics, A 2004, ‗A statistical approach to air permeability of 
clustered fibre reinforcements‘, Journal of Composite Materials, vol.38, no. 13, pp. 1137–49. 
 
Lunenschloss, J and Albrecht, W 1985, Nonwoven bonded fabrics, Ellis Horwood Limited, 
Chichester.  
 
Madhuri, V 2002, ‗The influence of fibre properties and processing conditions on the characteristics 
of needled fabrics‘, Masters Thesis, School of Textiles, North Carolina State University, USA. 
 
Mahabir, SA 1987, ‗Factors affecting the air resistance of nonwoven needle-punched fabrics‘, Textile 
Research Journal, vol. 57, no.10, pp. 574–9. 
 
Memis, A & Harper, JF 2000, ‗Textile composites from hydro-entangled nonwoven fabrics‘, 
Computers and Structures, vol. 76, no. 1, pp. 105–14. 
 
Miao, M, Glassey, EH & Rastogi, M 2004, ‗An experimental study of the needled nonwoven process, 
part III: fibre damage due to needling‘, Textile Research Journal, vol. 74, no. 6, pp. 485. 
 
Miner, R & Vice, 2007, ‗How environmentally friendly are your products?‘, Paper 360, 
2 October, no. 9, pp. 10–1. 
 
Moua, JG, Straley, R & Wanga, X 2003, ‗A study of the spontaneous air flow through a moving 
porous medium‘, Advances in Engineering Software, vol. 34, pp. 507–14. 
122 of 123 
 
Ningtao, M 2009, ‗Air permeability in engineered non-woven fabrics having patterned structure‘, 
Textile Research Journal, vol. 79, no. 11, pp. 1348–58. 
 
Ogulata, TR 2006, ‗Air permeability of woven fabrics‘, Journal of Textile and Apparel Technology 
Management , vol. 5, issue 2, pp. 1-10. 
 
Oshima, 1977, Patent
 
05/473910, Japan, .Process for producing a synthetic resin article having 
improved resistance to surface abrasion,  
 
Perepelkin, KE 2001, ‗World production of chemical textile fibres at the beginning of the third 
millennium‘, Fibre Chemistry, vol. 33, no. 4. 
 
Peters, ST 1998, Handbook of composite material, 2nd edn, Springer-Verlag. 
 
Purchas, BD & Sutherland, K 2002, Handbook of filter media, 2nd edn, Elesvier Advanced 
Technology, UK. 
 
Rana, AK, Mandal, A, Mitra, BC, Jacobson, R, Rowell, R & Banerjee, AN 1998, ‗Short jute fibre-
reinforced polypropylene composites: effect of compatibilizer‘, Journal of Applied Polymer Science, 
vol. 69, pp. 329–38. 
 
Reichard, SR 2010, A light at the end of the tunnel, viewed 30 November 2010, 
<http://www.textileworld.com/Articles/2010/February/Issue/Features/Textiles_2010x_A_Light_At_
The_End_Of_The_Tunnel.html>. 
 
Rawal, A, Anand, S & Shah, T 2008, ‗Optimization of parameters for the production of needle 
punched nonwoven geotextiles‘, Journal of Industrial Textiles, vol. 37, no. 4, pp.341–56. 
  
Renjilian, A 1994, ‗Recycled fibre usage and its effect on press fabrics, pulp and paper‘, Albany 
International Journal September. 
 
Richards, EA 1998, ‗Use of polypropylene textiles to enhance filtration in water treatment‘, 
Dissertations & Theses: Full Text [database on-line], viewed 13 June 2009, 
<http://www.proquest.com.ezproxy.lib.rmit.edu.au> 
 
Royal Melbourne Institute of Technology 2010, Fabric testing, viewed July 2010, 
<http://mams.rmit.edu.au/76olvwnjgwv5.pdf>.  
 
Russell, S & Stephen, J 2007, Handbook of nonwovens, CRC Press, Cambridge. 
 
Saravanan, D 2007, ‗UV protection textile materials‘, AUTEX Research Journal, Vol. 7, No 1, pp. 
53-62. 
 
Smith, CW 1996, ‗The importance of proper fabric selection‘, Journal of Industrial Textiles, vol. 26 
no. 8. 
 
Technical Textiles and Non Wovens Association (2000), viewed January 2008,  
<:http://www.ttna.com.au/definitions.htm 
 
Textiles Clothing and Footwear Industries, 1999, Textile Clothing and Footwear Investment and 
Innovation Programs Act 1999, viewed 2003. 
 
Toney, M 2000, ‗Computer modelling of fibrous structures‘, The Journal of the Textile Institute, vol. 
91, pt. 3, pp. 133–9. 
123 of 123 
 
Wang, XY, Gonga, RH, Donga, Z & Porata, I 2007, ‗Abrasion resistance of thermally bonded 3D 
nonwoven fabrics wear‘, Journal of Industrial Textiles, vol. 262, no. 3–4, pp. 424–31. 
 
Wang, Y, Wu, CH Victor, C & Li, 2000, ‗Concrete reinforcement with recycled fibres‘, Journal of 
Materials in Civil Engineering, November, pp. 314–9. 
 
Wang, Y, Abdul-Hamid, Z, Cho, B and Scott, DE 1994, ‗Properties of fibre reinforced concrete using 
recycled fibres from carpet industrial waste‘, Journal of Materials Science, vol. 29, no. 16, pp. 4191–
9, DOI: 10.1007/BF00414198. 
 
Wyatt, J & Harwoon, R, Raw materials, viewed March 2008, 
<http://westworld.dmu.ac.uk/wear2/Raw materials>. 
     
 
Weinberger BC, 1996,‗Syntethic Fibre Manufacture‘, viewed March 2009, 
<http://www.gatewaycoalition.org/files/Fundamentals_of_manufacturing/Htmls/SyntheticFibers.pdf 
 
Weller, S 2007, ‗Retailing, clothing and textiles production in Australia‘, Centre for Strategic 
Economic Studies, Victoria University. 
 
Xiaoming, C, Thanasis, D & Papathanasiou, P 2006, ‗On the variability of the Kozeny constant for 
saturated flow across unidirectional disordered fibre arrays‘, Composites Part A, vol. 37, pp. 836–46. 
 
Xin, R 2000, ‗Development of environmental performance indicators for textile process and product‘, 
Journal of Cleaner Production, vol.8, no.6, pp.473–81. 
 
Zhijian, L, Xungai, W & Lijing, W 2006, ‗Properties of hemp fibre reinforced concrete composites‘, 
Composites Part A, vol. 37, pp. 497-505. 
 
  
